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Passive immunoprophylaxis or immunotherapy with norovirus-neutralizing monoclonal antibodies (MAbs) could be a useful
treatment for high-risk populations, including infants and young children, the elderly, and certain patients who are debilitated
or immunocompromised. In order to obtain antinorovirus MAbs with therapeutic potential, we stimulated a strong adaptive
immune response in chimpanzees to the prototype norovirus strain Norwalk virus (NV) (genogroup I.1). A combinatorial phage
Fab display library derived from mRNA of the chimpanzees’ bone marrow was prepared, and four distinct Fabs reactive with
Norwalk recombinant virus-like particles (rVLPs) were recovered, with estimated binding affinities in the subnanomolar range.
Mapping studies showed that the four Fabs recognized three different conformational epitopes in the protruding (P) domain of
NV VP1, the major capsid protein. The epitope of one of the Fabs, G4, was further mapped to a specific site involving a key amino
acid residue, Gly365. One additional specific Fab (F11) was recovered months later from immortalized memory B cells and par-
tially characterized. The anti-NV Fabs were converted into full-length IgG (MAbs) with human �1 heavy chain constant regions.
The anti-NV MAbs were tested in the two available surrogate assays for Norwalk virus neutralization, which showed that the
MAbs could block carbohydrate binding and inhibit hemagglutination by NV rVLP. By mixing a single MAb with live Norwalk
virus prior to challenge, MAbs D8 and B7 neutralized the virus and prevented infection in a chimpanzee. Because chimpanzee
immunoglobulins are virtually identical to human immunoglobulins, these chimpanzee anticapsid MAbs may have a clinical
application.

Noroviruses (NoVs) are a leading cause of epidemic gastroen-
teritis in both children and adults worldwide (1). Outbreaks

commonly occur in settings such as hospitals, nursing homes,
cruise ships, university dormitories, and military barracks. Al-
though NoV illnesses are generally self-limiting, increased mor-
bidity and mortality have been reported among vulnerable popu-
lations such as infants, the elderly, and immunocompromised
individuals (2–6). It is estimated that NoV infection may account
for up to 200,000 deaths per year in infants and young children in
developing countries (7).

Currently, there are no vaccines or specific antiviral therapies
available for the treatment of NoV infections, due largely to the
unavailability of permissive cell culture systems and animal dis-
ease models. Most information regarding host immunity to NoV
infection has originated from human challenge studies and epide-
miological investigations (8–13). As a result, the immune corre-
lates of protection are poorly understood. Successes in expression
of recombinant virus-like particles (rVLPs) that mimic the anti-
genic structure of authentic virions (14–16) and identification of
histo-blood group antigens (HBGAs) as cellular binding ligands
for NoV infection (17–20) have facilitated efforts toward the de-
velopment of prevention and treatment strategies (21–24).

Noroviruses are nonenveloped, �38-nm icosahedral viruses
with an �7.5-kb, single-stranded, positive-sense RNA genome
that encodes three open reading frames (ORFs). ORF1 encodes
RNA-dependent RNA polymerase, while ORFs 2 and 3 encode the
major (VP1) and minor (VP2) capsid proteins, respectively. VP1
is structurally divided into the shell (S) domain, which forms the
internal structural core of the particle, and the protruding (P)

domain, which is exposed on the outer surface (15). The P domain
is further subdivided into the P1 subdomain (residues 226 to 278
and 406 to 520) and the P2 subdomain (residues 279 to 405) (15).
P2 represents the most exposed surface of the viral particle and is
involved in interactions with both neutralizing antibodies (Abs)
and HBGA oligosaccharides (25–28).

Noroviruses are divided into five distinct genogroups (geno-
group I [GI] to GV) based on VP1 sequence similarity. Virus
strains from GI and GII are responsible for most human infec-
tions, and these genogroups are further subdivided into more than
25 different genotypes (29). Although human NoV GII.4 strains
are now recognized as the predominant genotype, the GI.1 Nor-
walk virus (NV) is an established reference strain for the human
noroviruses and has been studied extensively in human volunteers
and chimpanzees (30). Early human challenge studies with NV
provided evidence for short-term, but not long-term (�2 years),
homotypic immunity following infection with NV (9, 10, 12) and
also showed the absence of heterotypic immunity when cross-
challenged with the GII.1 Hawaii virus (13). Later human chal-
lenge studies showed an association between secretor status and
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susceptibility to NV infection (17–20). Chimpanzees were found
to be susceptible to NV infection (31) and proved useful as a
model for studies of norovirus pathogenesis and vaccine develop-
ment (31, 32). Finally, our understanding of human NoV virion
structure is based largely on X-ray crystallographic and cryo-elec-
tron microscopy analyses of NV rVLPs (15, 16), and these rVLPs
have been established recently as a promising norovirus vaccine
candidate in a multicenter clinical efficacy trial (21).

The aim of the present study was to generate clinically useful
chimpanzee-derived monoclonal antibodies (MAbs) against the
well-studied NV. Since chimpanzee immunoglobulins (Igs) are
virtually identical to human Igs (33) and a human MAb adminis-
tered to a chimpanzee had an effective half-life comparable to the
half-life of human IgG in humans (34), chimpanzee-derived
MAbs may be administered to humans without modification. An-
tibodies to NV were induced in chimpanzees by an immunization
strategy of infection and priming with live NV followed by boost-
ing with NV rVLPs. A panel of NV-specific MAbs was then gen-
erated by phage display library technology from chimpanzee bone
marrow B cells and immortalized memory B cells derived from
peripheral blood mononuclear cells (PBMCs).

MATERIALS AND METHODS
Quantification of the NV challenge pool. Data from 15 chimpanzees
experimentally inoculated intravenously with various 10-fold serial dilu-
tions (100 to 10�5 of a standard fecal suspension of NV [32; this study and
our unpublished data]) were evaluated with the Reed-Muench equation
(35) to yield a quantitative titer of the virus, expressed in 50% chimpanzee
infectious doses (CID50).

Immunization of chimpanzees with Norwalk virus and construc-
tion of combinatorial Fab antibody library. Chimpanzee 1618 was inoc-
ulated orally with 101 CID50 of prototype NV in a stool filtrate (prepara-
tion 8 FIIa F/T, 1976) and was boosted intravenously with NV rVLPs.
Bone marrow was aspirated from the chimpanzee at days 60, 74, and 88
after the boost. Bone marrow-derived lymphocytes were prepared by cen-
trifugation on a Ficoll-Hypaque gradient (GE Healthcare, Piscataway, NJ)
and were used for construction of a combinatorial Fab phage display
library, as described previously (36, 37). A Fab phage display library con-
taining �1 heavy chain and � and � light chains with a diversity of �108

was constructed. The chimpanzees were housed at Bioqual, Inc., in accor-
dance with the Guide for the Care and Use of Laboratory Animals (38). The
chimpanzee protocol (designated LID 15) was approved by the NIAID
and Bioqual Institutional Animal Care and Use Committees. The facilities
were fully accredited by the American Association for Accreditation of
Laboratory Animal Care International.

Panning of the phage library and selection of NV-specific Fabs.
Phages were produced from the library, as described previously (37), and
panned by affinity binding against NV rVLPs adsorbed to a 96-well en-
zyme-linked immunosorbent assay (ELISA) plate (Nunc, Rochester, NY).
For each cycle of panning, 100 �l of NV rVLPs at 5 �g/ml in phosphate-
buffered saline (PBS) was used to coat each well of an ELISA plate, and
specific phages were selected by incubating 1012 phages with the coated
VLP. The NV-specific Fab clones were enriched by three cycles of panning
against the NV rVLP. After panning, 96 single phage-Fab clones were
cultured in a 96-well plate for phage production. The resulting phages
were screened for specific binding to NV rVLP by phage ELISA (37).
Clones that bound to the NV rVLP but not to bovine serum albumin
(BSA) were scored as NV-specific clones.

Isolation of NV-specific antibodies by immortalization of memory
B cells. Peripheral blood (50 ml) was collected from the chimpanzee im-
munized with NV rVLPs. The PBMCs were isolated by Ficoll-Hypaque
density gradient centrifugation. B cells were first enriched from PBMCs by
using the BD IMag human B-lymphocyte enrichment set (BD Biosci-

ences, San Jose, CA) and then incubated with phycoerythrin (PE)-
labeled anti-CD27 (Invitrogen Life Technologies, Grand Island, NY),
PE-Cy5-labeled anti-CD22 (Invitrogen), Alexa 700-labeled anti-CD38
(eBioscience, San Diego, CA), and Atto 633-labeled anti-IgG (Jackson
ImmunoResearch, West Grove, PA) Abs for 30 min at 4°C. The IgG-
positive (IgG�) memory B cells were isolated by fluorescence-activated
cell sorter (FACS) analysis based on positivity for CD27, CD22, and IgG
markers and negativity for CD38. The FACS-sorted cells were used im-
mediately for B-cell immortalization.

Memory B cells were cultured in U-bottom 96-well plates (Nunc) at 40
cells per well in RPMI 1640 medium supplemented with 10% fetal bovine
serum, 50 U/ml penicillin, and 50 �g/ml streptomycin (all from Invitro-
gen Life Technologies). The cells were immortalized by maintenance for 3
weeks in the presence of 1 	 105 irradiated MRC-5 feeder cells (ATCC,
Manassas, VA), 30% Epstein-Barr virus (EBV)-containing supernatant of
the B95-8 cell line, and 1 �g/ml CpG2006 (39). The supernatant fluid of
each well was screened by ELISA for binding to NV rVLPs, as described
above. The total RNA was extracted from the cells producing Abs specific
to NV rVLPs by using the ZR RNA MicroPrep kit (Zymo Research, Irvine,
CA). cDNA synthesis and PCR amplification of VH and VL genes were
carried out as described previously for phage library construction (37).

DNA sequence analysis of specific Fabs. The genes coding for the
variable regions of the heavy (VH) and light (VL) chains of NV-specific
Fabs were sequenced. Fabs with distinct VH and VL sequences were re-
garded as separate Fab clones. The presumed immunoglobulin family
usage, germ line origin, and somatic mutations were identified by com-
parison with data deposited in the IMGT sequence database (http://www
.imgt.org/).

Production of Fabs and IgGs. Constructs for Fab and full-length IgG1
expression were made as described previously (37). Histidine-tagged Fab
was expressed in Escherichia coli and was affinity purified on a nickel
column. IgG was expressed in transiently transfected 293T mammalian
cells and purified on a protein A column. Both Fab and IgG were further
purified through a cation-exchange SP column (GE Healthcare). Purities
of the Fab and IgG were evaluated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), and the protein concentrations
were determined by optical density (OD) measurements at 280 nm, with
an A280 of 1.35 corresponding to 1.0 mg/ml.

ELISA. Wells in a 96-well ELISA plate were coated with 100 �l of NV
rVLPs or other NoV rVLPs at a concentration of 1.5 �g/ml, followed by
incubation with 3% nonfat dry milk in PBS for blocking. After washing,
the plate was incubated with 3-fold serially diluted anti-NV Fabs for 2 h at
room temperature (RT). After washing, the plate was incubated for 1 h
with horseradish peroxidase-conjugated antibodies against human IgG
F(ab=)2. The color was developed by the addition of tetramethylbenzidine
(TMB) reagent (KPL, Gaithersburg, MD), and color development was
stopped with H2SO4 after 10 min. The OD at 450 nm was read in an ELISA
plate reader. The data were plotted and the dose-response curves were
generated with Prism software (Graphpad Software, Inc., San Diego, CA).

Affinity measurement by SPR. Kinetics of binding of antibody Fab
fragments to NV rVLPs were assessed by surface plasmon resonance
(SPR) using a Biacore 1000 instrument (GE Healthcare). Running buffer
contained 10 mM HEPES (pH 7.4), 150 mM NaCl, and 0.005% Tween 20
(HBS-EP buffer). NV rVLPs were coupled to the surface of a CM5 chip
by using the manufacturer-recommended protocol for amine cou-
pling. Briefly, a 7-min injection at 10 �l/min of a mixture of 0.4 M
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 0.1 M N-
hydroxysulfosuccinimide (NHS) was used to activate the surface, and 25
�g/ml NV rVLPs in 10 mM acetate buffer (pH 4.5) was then injected
across the surface to achieve 200 resonance units (RU), followed by deac-
tivation of the surface by a 7-min injection of 1 M ethanolamine at 10
�l/min. Fabs at a concentration series of 1, 2.5, 5, 7.5, and 10 nM were
passed over the NV rVLP surface for 2 min at 30 �l/min. Following dis-
sociation for 6 min at 30 �l/min, the surface was regenerated by injecting
a solution of Gentle Ag/Ab elution buffer (pH 6.6) (Thermo Scientific,
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Rockford, IL) supplemented with 0.01% (vol/vol) Triton X-100 (Sigma,
St. Louis, MO) for 1 min at 50 �l/min. Data were analyzed with Biacore
software (version 2.1.2), using the Langmuir model.

Competitive SPR. Cross-competition between Fabs was carried out
by SPR. NV rVLPs were coupled to the surface of a CM5 chip, as described
above, to achieve approximately 200 RU. All Fabs were tested at a concen-
tration of 100 nM. The first Fab was injected and observed for the binding
of analyte to ligand via sensorgram. When the surface was saturated, the
second Fab was injected immediately, and binding activity was observed.
The surface was regenerated, and the order of injection of the Fabs was
reversed to perform a two-way competition experiment. This procedure
was repeated for all Fabs with all possible binary combinations, and the
binding signal for each pair of Fabs was recorded and analyzed. An in-
crease in the binding signal above 10% following injection of the second
Fab was defined as an absence of competition between the two Fabs.

Epitope mapping by immunoprecipitation. To express NV VP1 mu-
tants with consecutive N-terminal deletions in vitro, the corresponding
truncated ORF2 DNA fragments were PCR amplified by using the Elon-
gase amplification system (Invitrogen) with plasmid pNV101 (40). The
PCR-employed sense primers included a T7 RNA polymerase promoter
sequence followed by a short noncoding sequence (GGGAACAGACCA
CC), an AUG codon, and the in-frame sequence of the NV ORF2 region of
interest. The antisense primer contained a sequence complementary to
the 3= end of NV ORF2. To express the NV VP1 mutants with C-terminal
deletions, the DNA fragments were amplified by using a sense primer that
contained the T7 RNA polymerase promoter and a sequence correspond-
ing to the beginning of ORF2 and antisense primers that contained an
engineered in-frame terminator codon and sequence complementary to
the various regions of the 3= end of ORF2.

The amplified DNA fragments were agarose gel purified and used as
templates in a coupled transcription-and-translation reaction (TNT
T7 Quick for PCR DNA; Promega, Inc., Madison, WI). For radiolabel-
ing of synthesized proteins, [35S]methionine (�1,000 Ci/mmol) from
PerkinElmer (Waltham, MA) was used at a concentration of 0.4 mCi/ml.

Immunoprecipitation of the radiolabeled NV VP1 protein and its
truncated versions from in vitro translation mixtures was performed ac-
cording to protocols described previously (41), with minor modifications.
Briefly, after normalization for protein expression levels, 5- to 15-�l ali-
quots of the TNT T7 Quick translation reaction mixtures were diluted
with 50 �l of radioimmunoprecipitation assay (RIPA) buffer (50 mM
Tris-HCl [pH 7.5], 0.15 M NaCl, 1% Triton X-100, 0.6% sodium deoxy-
cholate) without SDS. The proteins were incubated for 1 h at RT with
either recombinant Fab or MAb (IgG) at a concentration of 10 �g/ml, and
immune complexes were precipitated with protein G beads (Amersham
Biosciences, Piscataway, NJ). Immunoprecipitation of the Fab complexes
was enhanced by an additional 1-h incubation with anti-human Fab IgG
at 4 �g/ml (Jackson ImmunoResearch). Binding, washing, and elution
steps were carried out as described previously (41). The eluted proteins
were resolved by SDS-PAGE in a 4-to-20% gradient Tris-glycine gel (In-
vitrogen), and the bands corresponding to the radiolabeled immunopre-
cipitated proteins were detected by autoradiography after exposure of the
dried gel to X-ray film (Eastman Kodak Co., Rochester, NY).

Yeast surface display of VP1. The gene encoding full-length NV VP1
(530 amino acid residues) was amplified by PCR with the addition of
an NheI site at the 5= end and a SalI site at the 3= end. After digestion
with NheI and SalI, the gene was cloned into yeast expression vector
pCTCON2 so that the N terminus of VP1 was fused with a Saccharomyces
cerevisiae protein, Aga2p, through a short flexible linker and the C termi-
nus was tagged with c-myc. The construct was confirmed by sequencing
and was designated NVVP1-pCTCON2.

Yeast transformation, culture, and expression were carried out as de-
scribed previously (42). In brief, yeast EBY100 cells were transformed with
NVVP1-pCTCON2 and selected on SDCAA agar (42) plates. Protein ex-
pression was induced by culturing yeast in SGCAA medium (42) at 22°C
for 48 h with shaking. Cells were harvested, washed, and incubated with

anti-c-myc antibody followed by Alexa Fluor 488 goat anti-chicken IgG to
monitor VP1 expression or incubated with mouse anti-NV MAb NV4 and
chimpanzee anti-NV Fabs B7, D9, E4, and G4, respectively, followed by
anti-mouse IgG DyLight 649 or anti-human Fab DyLight 649 to deter-
mine antibody binding. The labeled cells were analyzed on a BD FACS
Canto II flow cytometer.

Site-directed mutagenesis of the VP1 gene of NV. To introduce 4
mutations found within or adjacent to the VP1 P2 subdomain of the GI.1
SW-2007 strain (GenBank accession number FJ384783) into the corre-
sponding VP1 sequence of NV (43), six primer pairs were designed to
create single G365N, V370I, I376V, and Y410F mutations as well as double
(G365N/V370I, V370I/I376V, and G365N/I376V) mutations. In addi-
tion, a construct was generated with a triple (G365N/V370I/I376V) mu-
tation. Site-directed mutagenesis of pCI-Norwalk (VP1) was performed
by using the QuikChange site-directed mutagenesis kit (Stratagene, La
Jolla, CA) and complementary forward and reverse primers that carried
the nucleotide mutations (44). The restriction enzyme DpnI (10 U/�l)
was used to digest the parental DNA. Each of the mutated products was
transformed into Epicurian Coli XL1-Blue supercompetent cells (Strat-
agene). Transformed cells were grown overnight on LB plates with car-
benicillin (50 �g/ml), and individual colonies were used for plasmid am-
plification. The resulting plasmids were subjected to sequence analysis to
verify the entire VP1 coding region and to confirm the presence of the
introduced mutations.

Immunofluorescence microscopy. Vero cells were plated into 96-well
plates at 80,000 cells/well and infected with modified vaccinia T7 virus (1
PFU/cell) for 1 h. After infection, cells were transfected with 400 ng/well of
each DNA construct with Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s recommendations. Cells were incubated for 24 h and
fixed with cold methanol for 20 min. Each Fab was used at a concentration
of 5 �g/ml. Goat anti-human IgG F(ab=)2 conjugated with DyLight 549
(Jackson ImmunoResearch) was used for detection. Expression of VP1
was confirmed with a murine norovirus-specific cross-reactive MAb (1:
200 dilution) and goat anti-mouse IgG(H�L) conjugated with Alexa
Fluor 594 (Molecular Probes-Invitrogen, Carlsbad, CA). Cells transfected
with a vector expressing green fluorescent protein (GFP) served as the
negative control for specific Fab binding.

Protein modeling. The solved structure of VP1 of NV (Protein Data
Bank [PDB] accession number 1IHM) was used to identify the residues
involved in binding with G4 Fab and visualized by using MacPyMol
(DeLano Scientific LLC).

HBGA binding-blocking assay. The ability of antibodies to block the
binding of NV rVLPs to synthetic HBGA H type 1 (H1) trisaccharide was
determined as described previously (32). Briefly, IgGs were 2-fold serially
diluted and incubated for 2 h with 1.5 �g/ml NV rVLP, and the IgG-NV
rVLP mixture was then transferred into NeutriAvidin-coated plates
(Pierce, Rockford, IL) containing biotinylated H1 carbohydrate (Gly-
cotech, Gaithersburg, MD) and incubated for 1 h. The binding of cap-
tured NV rVLP was determined by incubation with guinea pig anti-NV
hyperimmune serum (1:2,000 dilution), followed by incubation with a
peroxidase-conjugated goat anti-guinea pig serum (1:2,000 dilution;
KPL). The reaction was visualized with a peroxidase substrate, 2,2=-azi-
nobis(3-ethylbenzthiazolinesulfonic acid) (ABTS) (KPL), and read at 405
nm with a Dynex Technologies Revelation 4.25 plate reader (Dynatech).
All incubations were performed at room temperature. The 50% blocking
antibody titer (BT50) was defined as the reciprocal of the lowest antibody
dilution tested that blocked at least 50% of binding compared to that in
the absence of antibody pretreatment (control binding).

HAI assay. Inhibition of the hemagglutination activity of NV rVLPs
by antibodies was determined as described previously (45, 46). Briefly,
serial dilutions of the MAbs were incubated with Norwalk rVLP (80 ng of
VLPs or 16 hemagglutinin [HA] units) in V-bottomed 96-well plates and
incubated for 1 h at RT. Fifty microliters of 0.75% type O human eryth-
rocytes was added to the plate and incubated for 2 h at 4°C. The hemag-
glutination inhibition (HAI) titer was defined as the reciprocal of the
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highest dilution of antibody that completely inhibited hemagglutination
by the viral antigen (Ag).

Antibody-mediated NV neutralization in a chimpanzee model. Due
to limited availability, one chimpanzee was studied in a preliminary ex-
periment. Anti-NV MAb D8 (0.5 mg) at 1 mg/ml in 1	 PBS was incu-
bated with 10 CID50 of NV (8fIIa) for 1 h at room temperature, followed
by incubation overnight at 4°C in a total volume of 1.5 ml. The following
day, a chimpanzee was inoculated intravenously with the antibody-virus
mixture. Stool samples from the chimpanzee were collected daily, from 1
day preinoculation to 4 weeks postinoculation. The titer of the NV ge-
nome was quantified by norovirus-specific quantitative real-time PCR
(qRT-PCR) (32). The chimpanzee was observed for the appearance of
clinical signs of gastroenteritis, including vomiting, diarrhea, and malaise,
and was monitored weekly for elevation of levels of hepatic enzymes.
Whole-blood samples were collected preinoculation and every other week
until the termination of the study (4 weeks after inoculation). Anti-NV

MAb B7 was tested similarly, except that only 1.0 ml of the inoculum was
injected because of an allergic reaction in the chimpanzee. Thus, the chim-
panzee actually received 0.35 mg of B7 mixed with 7 CID50 of NV.

RESULTS
Isolation and characterization of NV-specific Fabs. A phage Fab
display library constructed using bone marrow of chimpanzees
immunized with NV was panned against NV rVLPs for three cy-
cles. The phage-Fab clones specific to NV were identified by phage
ELISA. Sequence analysis of the variable domains of the heavy
(VH) and light (VL) chains showed that four unique clones spe-
cific to NV, B7, D8, E5, and G4 were recovered. By immortaliza-
tion of memory B cells, an additional clone, F11, was recovered.
These positive clones were subsequently converted to produce
soluble Fabs. Each soluble Fab was confirmed for its specific bind-
ing to NV, as they bound only to NV rVLPs and not to BSA,
phosphorylase b, thyroglobulin, or lysozyme. The ELISA binding
profile of a representative Fab is shown in Fig. 1A.

To determine the binding spectrum of the anti-NV Fabs, we
performed binding assays using an ELISA with rVLPs derived
from representative human NoVs: NV (GI.1), NV-2007 (GI.1),
Hawaii (GII.1), and MD-145 (GII.4). As shown in Fig. 1B, four of
the five Fabs were reactive with both prototype NV (circulating in
1968) and NV-2007 (circulating in 2007) (43), whereas Fab G4
was reactive only with NV. In a separate experiment, B7 was
shown to also react with GI.6 rVLPs (data not shown).The five
Fabs were not reactive with rVLPs from any of the GII viruses
tested. The absence of cross-reactivity with strains of GII was con-
sistent with the serotypic differences between NV and Hawaii vi-
rus (HV) established in cross-challenge studies (13).

The interaction between Fab and immobilized rVLP was mea-
sured by SPR and recorded within a sensorgram; a representative
tracing for Fab B7 is shown in Fig. 1C. The kinetic data were
evaluated via fitting of the sensorgram data with BIAevaluation
software using a 1:1 binding model. Chi-square values of 0.95,
2.94, 1.13, and 27.8 were estimated for Fabs D8, B7, G4, E5, and
F11, respectively, indicating relatively good fitting. The kinetic
constants, including the equilibrium dissociation constant (Kd),
association rate constant (kon), and dissociation rate constant
(koff), were determined for each Fab and are summarized in Table
1. High affinities, with a Kd range of 0.8 to 1.9 nM, were observed
for all anti-NV clones. In general, anti-NV Fabs had relatively high
on-rates and medium off-rates.

Analysis of the H and L chain repertoire within our panel of
Abs showed that a single IgHV3 family with a biased usage of the
JH4 gene segment was present in the heavy chains and that a single
IGKV1 family was present in the light chains (Table 2). This
marked restriction in V gene usage suggests that significant struc-
tural constraints may be operating in the selection of antibodies to

FIG 1 Binding specificities of anti-NV Fabs. (A) Binding in response to dif-
ferent concentrations of Fab D8 (a representative clone) with NV rVLPs or the
unrelated proteins bovine serum albumin (BSA), thyroglobulin, lysozyme,
and phosphorylase b, as measured by ELISA with antigens directly attached to
the solid phase. (B) The binding profiles of Fabs B7, D8, E5, G4, and F11 at a
concentration of 100 ng/ml on rVLPs from NV (GI.1), SW-2007 (GI.1), Ha-
waii (GII.1), and MD-145 (GII.4) that were attached to the solid phase at 1.5
�g/ml were measured by ELISA. OD, optical density. (C) Representative sen-
sorgram of Fab B7 analyzed by SPR, showing raw data and curves fitted by
using a 1:1 model.

TABLE 1 Affinities of anti-Norwalk virus Fabs determined by SPRa

Fab koff (1/s) kon (M�1s�1) Kd (M)

D8 1.56 	 10�3 2.02 	 106 7.72 	 10�10

B7 1.53 	 10�3 1.89 	 106 8.09 	 10�10

G4 1.42 	 10�3 1.46 	 106 9.74 	 10�10

E5 4.18 	 10�3 2.23 	 106 1.89 	 10�9

F11 6.55 	 10�4 4.42 	 105 1.48 	 10�9

a Kinetics of binding of antibody Fab fragments to Norwalk virus-like particles were
assessed by SPR using a Biacore 1000 instrument.
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NV. A similar restriction in gene usage was reported for Abs
against other antigens, including rotavirus antigen (47), hepatitis
C virus (HCV) antigen (48), rhesus D antigen (49), and Haemo-
philus influenzae capsule polysaccharide (50). Sequences in the
variable regions of both heavy and light chains were mutated in
frame without stop codons, as expected from affinity-matured
plasma cells. All sequences had unique VDJ joint regions (Fig. 2),
with mutation frequencies of 5 to 13% for heavy chains and 1 to
6% for light chains (Table 2). This range of mutation rates is
consistent with an antigen-driven immune response (51) and may
account for the high affinities of these Fabs (Table 1). Although
mutations were detected in the framework regions, most differ-
ences were within the complementarity-determining regions
(CDRs) (Fig. 2), consistent with other reported Ab-Ag interac-
tions (52).

Anti-NV Fabs recognize conformational epitopes on NV
VP1. We first determined that none of the anti-NV Fabs was re-
active with denatured NV rVLP protein in Western blots, indicat-
ing that the Fabs likely recognize conformational epitopes present
in hetero-oligomeric forms of the capsid protein. To map the con-
formational epitopes, a series of constructs that expressed full-
length or truncated forms of NV VP1 was generated to localize the
binding sites of the antibodies by a radioimmunoprecipitation
assay (RIPA). Since Fab F11 was generated months later by im-
mortalizing memory B cells, only Fabs B7, D8, E5, and G4 were
included in the assay. All the tested Fabs displayed the same bind-
ing pattern shown in Fig. 3A. Deletion of the N-terminal region of
VP1 through most of the S domain did not affect Fab binding.
However, deletion into the P domain from either the N or C ter-
minus resulted in complete abolishment of antibody binding.

TABLE 2 Assignment of genes coding for NV-neutralizing MAbs to their closest human germ line counterparts, based on nucleotide sequence
homologya

Fab

Germ line gene in:

Heavy chain Light chain

V gene Identity (%)b J gene D gene V gene Identity (%) J gene

B7 IGHV3-7 92 IGHJ4 IGHD6-25 IGKV1-39 94 IGKJ5
D8 IGHV3-74 90 IGHJ4 IGHD5-12 IGKV1-27 95 IGKJ3
E5 IGHV3-23 89 IGHJ4 IGHD5-12 IGKV1-27 99 IGKJ4
G4 IGHV3-23 87 IGHJ4 IGHD1-26 IGKV1-5 94 IGKJ4
F11 IGHV3-66 95 IGHJ6 IGHD6-13 IGKV1-37 95 IGKJ2
a The closest human V gene germ lines were identified by a search of the IMGT database (http://www.imgt.org/).
b The VH and VL genes before CDR3 were used to calculate the percent nucleotide identity. Mutations in the first 20 bp were excluded, since these mutations could be introduced by
PCR primers.

FIG 2 Deduced amino acid sequences of variable domains of heavy (A) and light (B) chains of chimpanzee anti-NV Fabs. Complementarity-determining regions
(CDR1 to CDR3), shown in boxes, and framework regions (FWR1 to FWR4) are assigned according to the nomenclature of Wu and Kabat (68). Relative to the
B7 sequence, substitutions are expressed as single letters denoting amino acids, and identical residues are indicated by asterisks. Dashes denote the absence of
corresponding residues relative to the longest sequence.
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This result suggests that anti-NV Fabs bind to conformational
epitopes that require presentation in the context of virtually the
entire P domain of VP1. The specificity of Fabs B7, D8, E5, and G4
for the NV P domain was confirmed with chimeric VLPs contain-
ing P and S domain swaps from GI or GII VP1 proteins (34) (data
not shown).

To address whether the conformational epitopes are present in
the monomeric form of VP1, we applied a strategy using yeast
surface display. In principle, yeast-displayed VP1 is expressed in a
monomeric form, since the VP1 is expressed fused with the yeast
Aga2 protein and displayed on the yeast cell surface. The expres-
sion of VP1 and the binding of each MAb were monitored by flow
cytometry for the detection of Alexa Fluor 488, which is directed
to the c-myc tag at the C terminus of VP1 (display fluorescence),
and DyLight 649, which is directed to the MAb/Fabs (Ab binding
fluorescence). Display fluorescence was detectable in cells trans-
formed with the VP1 construct, indicating positive expression of
VP1 on the yeast surface. Anti-NV Fabs B7, D8, E5, and G4 along
with a control MAb, mouse anti-NV MAb NV4, were tested for
binding. MAb NV4 recognizes a conformational epitope within
the NV P domain (G. I. Parra, unpublished data). As shown in Fig.
3B, 36% of c-myc-positive cells, when incubated with mouse MAb
NV4, were positive for Ab binding fluorescence, indicating that
this antibody can recognize an epitope present in the monomeric

form. However, c-myc-positive cells treated with any one of the
four chimpanzee anti-NV Fabs were negative for Ab binding flu-
orescence, suggesting that they recognize conformational epitopes
present in hetero-oligomeric forms, such as dimers. The negative
results with the Fabs were confirmed by testing the full-length IgG
forms of MAbs D8 and B7 (data not shown).

To assess the spatial relationship of antigenic sites in the P
domain, the five anti-NV Fabs were examined in a competitive
SPR assay. The assay is based on the assumption that the full oc-
cupancy of a specific epitope in the P domain by a given Fab would
compete with a second Fab that recognizes the homologous
epitope. Four distinguishable epitopes were identified based on
the competition patterns (Table 3). Among them, Fabs B7, G4,
and F11 each recognized a distinct epitope because their binding
did not inhibit the binding of any other Fabs. In contrast, D8 and
E5 shared an epitope that was distinct from other epitopes.

Fab G4 recognizes a specific site on VP1 involving amino acid
residue G365. Amino acid sequence comparison of the VP1 pro-
tein of Norwalk virus and that of SW-2007 virus revealed that
there are 8 amino acid substitutions with no additional insertions
or deletions. Among them, three changes (G365N, V370I, and
I376V) were found in the VP1 P2 subdomain, and one (Y410F)
was found in the VP1 P1 subdomain next to P2 (Fig. 4A). Since P2
constitutes the most exposed surface of the viral particle and is

FIG 3 Epitope mapping. (A) Summary of epitope mapping of anti-NV Fabs B7, D8, E5, and G4 by radioimmunoprecipitation assay. 35S-labeled VP1
polypeptides, prepared in vitro, were incubated with anti-NV Fabs. The immune complexes were captured by protein G-coupled agarose beads and were
separated by SDS-PAGE. The immunoprecipitated VP1 polypeptides were detected by exposing the dried gel to an X-ray film (not shown). Numbers denote the
starting and ending amino acids. The polypeptides that reacted with Fab and, hence, were detected on an X-ray film were considered to be positive (�). (B) Yeast
cells expressing the c-myc-tagged monomeric VP1 fusion protein were analyzed by FACS analysis for VP1 expression and binding of VP1 by mouse anti-NV MAb
NV4 and by chimpanzee anti-NV Fabs B7, D8, E5, and G4. Percentages indicate the numbers of cells gated by positive VP1 expression that were bound by
antibody.
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involved in interactions with antibodies and HBGA oligosaccha-
rides, the impact of each of these four changes on G4 binding was
tested. Cells transfected with an expression vector carrying VP1 of
NV with single, double, or triple mutations were incubated with
Fabs B7, D8, E5, and G4 and examined by an immunofluores-
cence assay. The data showed that G365 in P2 is a critical residue
for G4 binding since the G365N mutation, whether presented as a
single mutation or combined with other mutations, abolished G4
binding (Fig. 4B and data not shown). Mutation of the other three

residues did not affect G4 binding. The G365N mutant was still
reactive with the other three Fabs (Fig. 4B). Examination of the
X-ray structure of NV VP1 revealed that G365 is located near, but
not in, the HBGA binding site (Fig. 4C).

Anti-NV MAbs block HBGA binding and inhibit hemagglu-
tination by NV. Anti-NV IgGs were tested with available func-
tional assays for norovirus antibodies. First, the IgGs were tested
in an HBGA carbohydrate binding-blocking assay, which has been
proposed as a surrogate neutralization assay (17). As shown in Fig.
5, all the MAbs blocked the binding of NV rVLPs to H1 HBGA
carbohydrate in a dose-dependent manner. The estimated con-
centrations yielding 50% blocking were 2.5 nM for D8, 7.3 nM for
B7, 4.7 nM for E5, 2.8 nM for G4, and 10.7 nM for F11. It was
recently reported that the hemagglutination inhibition (HAI) ac-
tivity of antibody correlates with protection from gastroenteritis
in persons infected with NV (45). Therefore, we tested the HAI
ability of the MAbs. We found that all five MAbs can efficiently
inhibit viral hemagglutination activity with an antibody concen-
tration of approximately 8 nM (data not shown).

Anti-NV MAbs prevent NV infection of chimpanzees. The
cumulative data obtained from experimental inoculation of chim-
panzees with the same NV challenge pool permitted us to calculate
the CID50, which had not been calculated previously (32). We
determined that the pool contained NV at a concentration of 102

TABLE 3 Epitope groups recognized by anti-Norwalk virus Fabs
revealed by competitive SPR

Prebound 1st
Fab

Binding by 2nd Faba

Epitope
groupB7 D8 E5 G4 F11

B7 � � � � � 1
D8 � � � � � 2
E5 � � � � � 2
G4 � � � � � 3
F11 � � � � � 4
a Shown are data for binding of the second Fab at a saturating concentration to
Norwalk virus-like particles that was prebound with the first Fab at a saturating
concentration. �, 
10% increase in signal; �, �10% increase in signal. Epitope groups
are identified by shading.

FIG 4 Fine epitope mapping of Norwalk virus Fab G4. (A) Comparison of VP1 sequences of GI.1 Norwalk and SW-2007 virus strains. A schematic diagram
representing VP1 protein is shown at the top. The locations of 530 amino acids are labeled, and S, P1, and P2 subdomains are shown in tan, light blue, and blue,
respectively. The 8 amino acid differences between the Norwalk virus and SW-2007 strains, resulting in different reactivities to G4, are shown at the bottom. The
boundaries between the S domain and the P1 and P2 subdomains are shown as green dotted lines. The 4 amino acid changes under study are underlined. (B)
Immunofluorescence staining results from Vero cells transfected with different DNA constructs. Mutations of VP1 of Norwalk virus were introduced by using
specific primers and a QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) according to the manufacturer’s recommendations. (C) X-ray
structure of the VP1 dimer of NV (PDB accession number 1IHM). The different amino acids between Norwalk and SW-2007 viruses are shown in red. The
localization of the key mutation G365N in the Norwalk virus VP1 P2 subdomain structure is indicated by arrows. The shell domain is shown in tan, and the P1
and P2 subdomains are shown in light blue and blue, respectively. Amino acids responsible for the HBGA binding sites are shown in light pink.
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CID50 per ml. We then tested whether HBGA blocking activity
correlated with in vivo neutralization in chimpanzees (32). Due to
the limited availability of chimpanzees for the experiment, MAbs
D8 and B7 were chosen for testing in the animal model, given their
different binding properties. An antibody-negative chimpanzee
was administered an infectious NV inoculum (7 to 10 CID50), a
known dose for 100% infection, that was preincubated with either
MAb D8 or B7, and the chimpanzee was monitored for NV infec-
tion. The results showed that the chimpanzee did not shed virus in
either case, consistent with neutralization of NV by the D8 and B7
antibodies.

DISCUSSION

Noroviruses are important agents of human gastroenteritis, and
infections are associated with a significant disease burden, yet
there are no disease interventions available. Despite substantial
advances in the development of NoV vaccines based on VLPs (23),
there are several remaining challenges to address in NoV vaccine
development, including the duration of immunity, rapidly evolv-
ing new variant strains, and an incomplete understanding of the
immune correlates of protection. Limited cross-protection be-
tween NoV genotypes within the same genogroup (GII.4 variant)
and a lack of cross-protection between genogroups are observed
(13).

As an alternative or complement to vaccines, passive immuni-
zation with anti-NoV MAbs could provide immediate protection
against NoV infection in high-risk populations. For this purpose,
we have successfully isolated five NV-specific antibodies from im-
munized chimpanzees and have demonstrated that these antibod-
ies were able to block the binding of NV to HBGA carbohydrates,
a known binding ligand for NV in the intestinal mucosa. We com-
pleted one study of antibody efficacy in a chimpanzee with two
MAbs that recognize different epitopes prior to the suspension of

such animal studies in U.S. research (53), and this investigation
provided promising preliminary evidence that the antibody may
exert a protective effect. Such antibodies may be useful in emer-
gency prophylaxis and treatment of NoV infection, but additional
efficacy data are needed. Because chimpanzees were the only per-
missive animal model for the evaluation of vaccines and antiviral
compounds for GI NV (32), studies in adult volunteers may be
required for the continued evaluation of these and other candidate
therapeutic antibodies.

Here we describe the isolation of chimeric chimpanzee-human
anti-NV neutralizing antibodies by combining hyperimmuniza-
tion of chimpanzees with phage Fab display library technology, a
method previously used for isolation of humanized MAbs against
a variety of viral and bacterial pathogens (36, 37, 54–56). In addi-
tion, from PBMCs, we have isolated the F11 antibody against NV
and several antibodies against NoV MD145 (GII.4) (data not
shown) using B-cell immortalization with EBV (39). F11 had af-
finity and surrogate in vitro neutralizing activity (HBGA binding
blocking and HAI) comparable to those of antibodies isolated
from bone marrow B cells by phage display. Therefore, with this
new method, it is possible to use PBMCs from any primed or
infected chimpanzee or human for making therapeutic antibod-
ies. Indeed, this method was recently used for isolation of human
antibodies against GII.4 norovirus (57).

Pathogenic RNA viruses such as human immunodeficiency vi-
rus (HIV), hepatitis C virus (HCV), and influenza virus are mark-
edly diverse (58–61). In recent years, several promising broadly
neutralizing MAbs against HIV, HCV, and influenza viruses have
been reported (62–66). These MAbs may prove useful for immu-
noprophylaxis, and knowledge of their binding sites can inform
universal vaccine design. Analysis of the binding spectrum of an-
tibodies isolated from chimpanzees immunized with NV in this
study showed that four of the five Fabs were specific for GI.1

FIG 5 Detection of HBGA binding-blocking activities of anti-NV IgGs. Decreasing concentrations of monoclonal antibodies B7, D8, E5, G4, and F11 (IgG) were
tested for their ability to block the interaction between recombinant NV rVLPs and H1 carbohydrates.
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viruses and that the remaining one was exquisitely specific for NV,
with no cross-reaction with NoVs of other genotypes. This finding
is consistent with previous observations (13, 32) and may partly
explain why there is little evidence of heterotypic immunity for
NoVs. It will be important to expand our panel to include broadly
reactive antibodies that recognize the diverse range of norovirus
genogroups and genotypes. This may be achieved by additional
panning against multiple NoV rVLPs.

We have shown that four anti-NV MAbs recognized confor-
mational epitopes located within the P domain of the capsid pro-
tein. The entire P domain in an oligomeric form was absolutely
required to maintain the correct conformation for antibody bind-
ing. Four distinguishable epitopes were identified through com-
petitive SPR. Among them, the G4 epitope was mapped to a spe-
cific site involving the G365 residue in the P2 subdomain. Our
data suggested that the loss of binding of MAb G4 to the G365N
VP1 mutant was not due to a severe overall conformational
change in the oligomeric form of the capsid protein, because the
other antibodies recognized their cognate conformational
epitopes on the mutagenized protein. Further study will be needed
to elucidate the precise role of amino acid residue 365 in the for-
mation of the G4 epitope. Our efforts to perform precise epitope
mapping for the other epitopes with standard approaches (28),
such as screening synthetic overlapping peptides spanning VP1 or
phage display peptide libraries of NV VP1, were not successful,
likely due to their conformational nature (data not shown). In-
stead, three-dimensional structural approaches such as X-ray
crystallography of antigen-antibody complexes (52) and imaging
of antigen-antibody complexes by cryo-electron microscopy (67)
may be required.

We have established the NV infectivity titer for chimpanzees of
the 8FIIa stool filtrate as 102 CID50 per ml. This pool represents the
first identified human gastroenteritis virus and was used previ-
ously for infecting volunteers in 1974 and chimpanzees in 1978
and 2011 (13, 31, 32). For the 2011 study, a titer of 10 CID per 1 ml
of the 2% stool filtrate was arbitrarily set, and most inocula con-
sisted of a 10% dilution of this filtrate (listed as 1 CID). In reality,
1 CID was 10 CID50 and equivalent to 4 	 107 genome equiva-
lents. Thus, the reported results (32) are more robust than previ-
ously reported. As noted by Reed and Muench in their original
1937 paper (35), “This [50%] endpoint is less affected by small
chance variations than is any other; the worst in this respect being
the 100% point so frequently used.” Chimpanzee studies were
discontinued before these NV-specific antibodies could be tested
for pre- and postexposure protection in vivo, and further testing
will be needed in animal models (or human volunteers) and cell
culture systems as they become available. When such systems are
available, it may be possible to explore the use of an antibody
cocktail that targets several different epitopes.

Noroviruses are a diverse group of viruses (29), and there is
increasing recognition of their role in serious diarrheal illness (1,
7). Our proof-of-concept approach for the development of func-
tional antibodies directed against NV should be applicable to
other NoVs, including the predominant GII.4 viruses (1). Neu-
tralizing MAbs against NoVs could prove useful for emergency
prophylaxis to protect individuals in the proximity of a developing
NoV outbreak or when encountering an increased risk of expo-
sure. An effective treatment to alleviate chronic norovirus gastro-
enteritis in debilitated or immunocompromised individuals

would be a welcome breakthrough in the management of these
patients.
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