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Herpes simplex virus (HSV) glycoprotein B (gB) is an integral part of the multicomponent fusion system
required for virus entry and cell-cell fusion. Here we investigated the mechanism of viral neutralization by the
monoclonal antibody (MAb) 2c, which specifically recognizes the gB of HSV type 1 (HSV-1) and HSV-2.
Binding of MAb 2c to a type-common discontinuous epitope of gB resulted in highly efficient neutralization of
HSV at the postbinding/prefusion stage and completely abrogated the viral cell-to-cell spread in vitro. Mapping
of the antigenic site recognized by MAb 2c to the recently solved crystal structure of the HSV-1 gB ectodomain
revealed that its discontinuous epitope is only partially accessible within the observed multidomain trimer
conformation of gB, likely representing its postfusion conformation. To investigate how MAb 2c may interact
with gB during membrane fusion, we characterized the properties of monovalent (Fab and scFv) and bivalent
[IgG and F(ab�)2] derivatives of MAb 2c. Our data show that the neutralization capacity of MAb 2c is
dependent on cross-linkage of gB trimers. As a result, only bivalent derivatives of MAb 2c exhibited high
neutralizing activity in vitro. Notably, bivalent MAb 2c not only was capable of preventing mucocutaneous
disease in severely immunodeficient NOD/SCID mice upon vaginal HSV-1 challenge but also protected animals
even with neuronal HSV infection. We also report for the first time that an anti-gB specific monoclonal
antibody prevents HSV-1-induced encephalitis entirely independently from complement activation, antibody-
dependent cellular cytotoxicity, and cellular immunity. This indicates the potential for further development of
MAb 2c as an anti-HSV drug.

Herpes simplex virus (HSV) is a neuroinvasive human
pathogen that critically depends on efficient infection of dis-
tinct target cells within a host. At the time of primary lytic
infection, HSV replicates in peripheral mucocutaneous tissues
and releases virions. A decisive characteristic of HSV infec-
tions in animals and humans is the establishment of a lifelong
latency. HSV spreads from infected epithelial cells to axons of
sensory neurons innervating the site of the primary infection,
followed by retrograde transport to the respective dorsal root
ganglia (12). Recurrent infections result from reactivation in
neuronal cells, followed by virus replication and anterograde
transport to cells at peripheral sites innervated by the respec-
tive neurons. Transmission between cells without diffusion
through the extracellular environment represents a major
route for HSV to spread between tissues and is thus a very
efficient way for circumventing immunological barriers of the
humoral immune response. Regardless of the dissemination
pathway, however, fusion of the viral envelope with host mem-

branes for delivery of the viral genome across the cellular lipid
bilayer is essential for viral replication. In contrast to that of
most other enveloped viruses, entry of herpesviruses into
mammalian cells requires a multicomponent system and thus
represents one of the most complex viral entry mechanisms
studied so far. Among the 12 glycoproteins of the HSV enve-
lope, glycoprotein B (gB), gD, and the gH/gL heterodimer
display essential functions for both entry of extracellular viri-
ons and cell-to-cell spread. Binding of gD to one of its different
cellular receptors, i.e., herpesvirus entry mediator (HVEM),
nectin 1, or a modified form of heparan sulfate, promotes a
conformational change of gD that subsequently triggers the
fusogenic signal of the core fusion machinery, constituted in gB
and gH/gL (36, 65).

The presence of the aforementioned glycoproteins both on
the virion and on infected cells can be recognized by the im-
mune system and elicits cellular and humoral immune re-
sponses. Recurrent HSV infections in the skin and mucosae
appear to be controlled mainly by the host cellular immune
response, such as T lymphocytes, macrophages, natural killer
cells, and, as demonstrated recently, type I interferon (IFN)-
producing plasmacytoid dendritic cells (10, 13, 15, 22, 29, 45,
47). High levels of preexisting neutralizing antibodies may play
a role in preventing HSV spread and viremia. The reduction of
neonatal HSV transmission in the presence of maternal HSV-
specific antibodies underlines the protective effect of antibod-
ies (8). In HSV-seropositive humans, circulating IgG antibod-

* Corresponding author. Mailing address: National Center for Tu-
mor Diseases, Department of Medical Oncology, University of Hei-
delberg, D-69120 Heidelberg, Germany. Phone: 49-6221-56-37798.
Fax: 49-6221-56-5373. E-mail: michaela.arndt@nct-heidelberg.de.

§ Present address: Institute of Virology, University Hospital Essen,
University of Duisburg-Essen, 45147 Essen, Germany.

† Present address: Institute of Immunology and Genetics, 67655
Kaiserslautern, Germany.

� Published ahead of print on 1 December 2010.

1793



ies are directed predominantly against gB and gD (9, 37). It has
been shown that these antibodies act by antibody-dependent
cellular cytotoxicity (ADCC) for efficient control of HSV in-
fections in mice (31, 32, 44). High ADCC reactivity was also
shown to positively correlate with protection against dissemi-
nated disease in human neonatal HSV infections (30, 33). Con-
sistently, postexposure administration of human gamma globulin
containing neutralizing HSV type 1 (HSV-1) antibodies or an
anti-gD MAb to immunodeficient SCID or nude mice, respec-
tively, prolonged survival but was not able to eventually protect
animals from death (48, 60).

We previously isolated the gB-specific monoclonal antibody
(MAb) 2c (17), which has potent HSV type 1 (HSV-1)-neu-
tralizing activity in vitro and in vivo (18). In this study we
showed that the efficiency of MAb 2c for neutralizing free HSV
virions and inhibiting cell-to-cell spread is completely indepen-
dent from ADCC, complement, and cellular effector mecha-
nisms but critically relies on the antibody valency. Mapping of
the MAb 2c epitope to the solved gB structure (25) suggests
that the antibody interferes with HSV entry by blocking trans-
mission of the fusogenic signal through cross-linking of gB
trimers. We show that the bivalent MAb 2c is able not only to
fully protect severely immunodeficient NOD/SCID mice from
lethal viral challenge but also to rescue animals from lethal
encephalitis even when the virus has reached the peripheral
nervous system.

MATERIALS AND METHODS

Cells and viruses. The hybridoma cell line secreting MAb 2c, generated from
BALB/c mice hyperimmunized with HSV-1 strain 342 hv (17), was maintained
either in Iscove’s modified Dulbecco’s medium (IMDM) with 10% fetal bovine
serum (FBS), 100 U/ml penicillin, and 100 �g/ml streptomycin or in Ex-Cell
hybridoma medium (Sigma-Aldrich, St. Louis, MO) supplemented with 10 mM
L-glutamine (Invitrogen, Carlsbad, CA) for serum-free antibody production. The
African green monkey kidney cell line Vero was obtained from the European
Collection of Cell Cultures (ECACC) and grown in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% heat-inactivated FBS, 100 U/ml penicillin, and 100
�g/ml streptomycin. Experiments using Vero cells were performed in mainte-
nance medium with 2% FBS. HSV-1 strain F and HSV-2 strain G were propa-
gated in Vero cells, and titers were determined on Vero cells by the endpoint
dilution assay as described previously (59) and expressed as 50% tissue culture
infectious doses (TCID50)/ml.

Antibody production and purification. MAb 2c (IgG2a) was purified from
serum-free hybridoma supernatants by protein A chromatography (Thermo Sci-
entific, Worcester, MA) and dialyzed against phosphate-buffered saline (PBS),
and the purity was monitored on a calibrated Superdex 200 10/300 GL column
(Amersham Pharmacia, Piscataway, NJ). Proteolytic digestion of MAb 2c to
obtain F(ab�)2 and Fab fragments was carried out with a pepsin or papain
preparation kit (Thermo Scientific) according to the manufacturer’s instructions.
Homogenous F(ab�)2 and Fab fragment preparations were obtained by immo-
bilizing Fc fragments to a protein A column, followed by size exclusion chroma-
tography of the flowthrough using a calibrated HiLoad 16/60 Superdex 200
preparative-grade column (Amersham Pharmacia). To generate a single-chain
variable fragment (scFv), total RNA was isolated from 1 � 107 MAb 2c hybrid-
oma cells using the RNA/DNA midikit (Qiagen, Valencia, CA), followed by
mRNA preparation using the Oligotex mRNA minikit (Qiagen). The authentic
5� ends of the MAb 2c variable heavy chain (VH)- and the variable light chain
(VL)-encoding DNA sequences were amplified by 5� rapid amplification of
cDNA ends (RACE)-PCR using the Marathon cDNA amplification kit (BD
Biosciences, Heidelberg, Germany) and the oligonucleotides IgG2a-CH1 and
IgG2a-C-kappa, annealing to the 5� constant regions of the heavy and light
chains, respectively. Sequences of subcloned PCR gene products were verified by
DNA sequencing. MAb 2c variable domains were subsequently amplified with
deduced oligonucleotides specific to the 5� end of the VH or VL chain gene and
respective antisense primers. A standard (Gly4Ser)3 linker connecting the VH

and VL domains was introduced by overlap extension PCR, and the 2c scFv was

cloned into the bacterial expression plasmid pHOG21 (28). Periplasmic produc-
tion and purification of the 2c scFv were carried out as described elsewhere (1).
Concentrations of purified antibodies were determined spectrophotometrically
from the absorbance at 280 nm using the extinction coefficients 1.43 for IgG, 1.48
for F(ab�)2, 1.53 for Fab, and 1.7 for scFv. Polyclonal human sera obtained from
donors with high immunoglobulin titers for HSV-1 completely neutralized 100
TCID50 of HSV-1 F at a dilution of 1:160.

Determination of antibody affinity. Monolayers of Vero cells were infected at
80 to 90% confluence with HSV-1 or HSV-2 at a multiplicity of infection (MOI)
of 3 and harvested the next day by trypsinization followed by washing in PBS.
Cell surface binding measurements of 2c antibodies were carried out as described
previously (1). Briefly, purified MAb 2c or derived antibody fragments 2c
F(ab�)2, 2c Fab, and 2c scFv were incubated in triplicate at concentrations of 0.03
nM to 500 nM with 5 � 105 Vero cells in 100 �l fluorescence-activated cell sorter
(FACS) buffer (PBS, 2% FBS, 0.1% sodium azide) for 1 h at room temperature.
Cells were washed twice with 200 �l FACS buffer and incubated with fluorescein
isothiocyanate (FITC)-labeled Fab-specific goat anti-mouse IgG (15 �g/ml; Jack-
son ImmunoResearch, Newmarket, Suffolk, England) for detection of bound
MAb 2c, 2c F(ab�)2, and 2c Fab. Bound scFv was detected by first incubating with
saturating concentrations of the anti-c-myc MAb 9E10 (10 �g/ml; Roche, Indi-
anapolis, IN), followed by two washes and incubation with Fc�-specific FITC-
labeled goat anti-mouse IgG (15 �g/ml; Jackson ImmunoResearch). Cells were
washed twice and resuspended in FACS buffer. Fluorescence was measured on
a FACSCalibur flow cytometer (BD Bioscience, San Jose, CA), and median
fluorescence intensity (MFI) was calculated using the CellQuest software (BD
Biosciences). Background fluorescence was subtracted, and equilibrium binding
constants were determined by using the Marquardt and Levenberg method for
nonlinear regression with GraphPad Prism version 4.0 (GraphPad Software, La
Jolla, CA).

Epitope characterization. Immunoreactivity of MAb 2c with native or dena-
tured truncated glycoprotein B [gB(730)t] (4), kindly provided by Roselyn J.
Eisenberg and Gary H. Cohen (University of Pennsylvania, Philadelphia, PA),
was determined essentially as described previously (4). Purified gB(730)t (0.75
�g) was resolved by 8% SDS-PAGE under either nonreducing (sample buffer
containing 0.2% SDS) or denaturing (sample buffer containing 2% SDS and 155
mM �-mercaptoethanol, 2 min at 95°C) conditions and transferred onto a nitro-
cellulose membrane. Membrane strips were blocked with 2% milk in TNT buffer
(0.1 M Tris-HCl [pH 7.5], 0.15 M NaCl, 0.05% Tween 20) for 1 h, followed by
incubation with 5 �g/ml of glycoprotein B-specific antibodies MAb 2c, H126
(Novus Biologicals, Littleton, CO), and H1817 (Novus) in 2% milk–TNT buffer
for 2 h at room temperature. Bound antibodies were detected with horseradish
peroxidase-conjugated polyclonal goat anti-mouse antibody (1:20,000; QED Bio-
science Inc. San Diego, CA) and chemiluminescence (Thermo Scientific,) using
the LAS 3000 Luminescent Image Analyzer (Fujifilm, Tokyo, Japan).

COS-1 cells were transiently transfected by the DEAE-dextran method with
plasmids coding for either the full-length HSV-1 gB (positions 31 to 904)
(pRB9221) or C-terminal deletion mutants truncated at positions 720 (pTS690),
630 (pPS600), 503 (pRB9510), 487 (pRB9509), and 470 (pRB9508). The plas-
mids were kindly provided by L. Pereira (54, 57). Immunofluorescence assays
with transfected cells using MAb 2c or control antibodies were carried out as
described elsewhere (55).

Peptide mapping. Cellulose-bound overlapping 13-mer peptides and duotopes
were automatically prepared according to standard SPOT synthesis protocols as
described previously (21, 35) (JPT Peptide Technologies, Berlin, Germany). In
addition, peptides coupled with a reactivity tag and a linker were immobilized
chemoselectively on a modified glass surface in three identical subarrays and
purified by removal of truncated and acetylated sequences by subsequent wash-
ing steps. Peptide microarrays were blocked with Tris-buffered saline (TBS)
containing blocking buffer (Pierce International) for 2 h and incubated with 10
�g/ml MAb 2c in blocking buffer for 2 h. Peptide microarrays were washed with
TBS containing 0.1% Tween (T-TBS), and peptide-bound antibody on the pep-
tide membrane was transferred onto a polyvinylidene difluoride (PVDF) mem-
brane. Anti-mouse IgG either peroxidase labeled (Sigma) or fluorescently la-
beled (Pierce) was used as the secondary antibody at a final concentration of 1
�g/ml in blocking buffer. After 2 h of incubation and final washing with T-TBS,
PVDF membranes were analyzed using chemiluminescence substrate (Roche
Diagnostics). Glass slide peptide microarrays were washed thoroughly with T-
TBS and 3 mM SSC buffer (JPT Peptide Technologies), dried under nitrogen,
and scanned using a high-resolution fluorescence scanner (Axon GenePix 4200
AL). Fluorescence signal intensities (light units [LU]) were analyzed using spot
recognition software (GenePix 6.0) and corrected for background intensities
from control incubations with secondary anti-mouse IgG.
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Virus neutralization assay. Neutralizing activities of antibodies were deter-
mined by endpoint dilution assay as described previously (17). Briefly, serial
dilutions of antibodies were incubated with 100 TCID50 of HSV-1 or HSV-2 for
1 h at 37°C in cell culture medium. The antibody virus inoculum was applied to
Vero cell monolayers grown in microtiter plates, and cytopathic effect (CPE) was
scored after 72 h of incubation at 37°C. The antibody concentration required for
reducing virus-induced CPE by 100% was determined as the complete neutral-
ization titer. In addition, the virus neutralization capacity of monovalent 2c Fab
fragments was investigated in the presence of cross-linking antibodies by adding
an excess of anti-murine Fab IgGs (2,600 nM; Jackson ImmunoResearch, New-
market, Suffolk, England) to the preincubation step. For control purposes, virus
without antibody and antibody alone were used to induce maximal CPE and no
CPE, respectively. Virus neutralization assays were repeated at least twice with
similar results.

Postattachment neutralization assay. Prechilled (4°C for 15 min) Vero cell
monolayers were infected with 100 TCID50 HSV-1 F at 4°C for 1 h to allow virus
absorption before serial dilutions of either MAb 2c or a polyvalent IgG prepa-
ration from human plasma (Intratect; Biotest AG, Dreieich, Germany) were
added (postattachment neutralization). To compare the preattachment versus
postattachment neutralization efficacy of MAb 2c under identical experimental
conditions, 100 TCID50 HSV-1 F were incubated for 1 h at 4°C with the same
antibody dilutions before being added to prechilled Vero cell monolayers. Inoc-
ulated Vero cells from both assays were incubated for another 1 h at 4°C before
being transferred to 37°C. Neutralization titers were determined after 72 h as
described above for the standard neutralization assay.

Cell-to-cell spread assay. Confluent monolayers of Vero cells, grown either on
glass coverslips for immunofluorescence studies or in 24-well tissue culture plates
for analysis by light microscopy, were infected with either HSV-1 F or HSV-2 G.
After 4 h of adsorption at 37°C, the virus inoculum was removed and cells were
incubated in DMEM containing 2% FBS in the presence of neutralizing anti-
bodies, pooled human sera derived from immunized donors with high titers of
anti-HSV-1 immunoglobulins (1:20), or medium alone as positive control. At
48 h postinfection, cells were fixed with 4% paraformaldehyde for immunostain-
ing or analyzed directly for plaque formation under a Zeiss Observer Z1 light
microscope at a 50-fold magnification. To visualize the viral spread by indirect
immunofluorescence, cells were rinsed twice with PBS, incubated for 15 min in
500 �l HEPES-buffered saline with 0.05% Tween 20, and stained with FITC-
conjugated polyclonal goat anti-HSV serum (1:100; Bethyl, Montgomery, TX).
Stained cells washed three times with PBS were mounted in mounting medium
containing 0.2 g/ml Mowiol 4-88 (Calbiochem, San Diego, CA). Immunofluo-
rescence images were acquired with a Leica DM IRE2 confocal microscope at a
40-fold magnification. Cell-to-cell spread inhibition was tested in addition by
postadsorption virus neutralization assay. Vero cells grown to confluence in
six-well plates were incubated for 4 h at 37°C with 200 TCID50 of HSV-1 F in 3
ml DMEM containing 2% FBS and antibiotics. Cell monolayers were washed
twice with PBS and overlaid with warm plaquing medium (DMEM, 5% [wt/vol]
agarose, 10% FBS, and antibiotics) containing an excess of neutralizing antibod-
ies or polyclonal human HSV-1-neutralizing sera. Plaque formation was analyzed
by light microscopy after 48 h of incubation at 37°C.

DNA quantification. HSV-1 and HSV-2 genomes were quantified by real-time
PCR. DNA was purified from samples containing equivalent amounts of infec-
tious particles of HSV-1 and HSV-2 using the MagNA Pure LC automated
nucleic acid extraction system (Roche) according to the manufacturer’s instruc-
tions. Viral DNA was then quantified by real-time PCR (LightCycler; Roche)
using the RealArt HSV-1/HSV-2 quantification kit (Qiagen).

Mouse protection experiments. Anesthetized female nonobese diabetic/severe
combined immunodeficient (NOD/SCID) mice (NOD.CB17-Prkdcscid/J; Charles
River Laboratories, Research Models and Services, Sulzfeld, Germany), 6 to 8
weeks of age, were challenged intravaginally with a 20-�l inoculum of 1 � 106

TCID50 HSV-1 F per mouse. Skin glue (Epiglu; Meyer-Haake Medical Innova-
tions, Wehrheim, Germany) was applied to the vulva to prevent discharge of the
virus inoculum. The delivered inoculum induced infection rates of �94% as
assessed by culture of vaginal lavage. Mice were examined daily after viral
inoculation for loss of weight, vulvitis/vaginitis (redness, mucopurulent discharge,
and signs of inflammation), and neurological disease. Mice displaying any of
these symptoms were sacrificed immediately. Mice were passively immunized by
intravenous (i.v.) injection of purified MAb 2c either 24 h prior to viral inocu-
lation for immune prophylaxis or 24 h, 40 h, and 56 h after viral infection for
therapeutic treatment. Mice were assessed for infection by determination of virus
titers from vaginal irrigations obtained on days 1, 2, 4, 6, and 8 after infection and
at the time of death using the endpoint dilution assay on Vero cells. Viral loads
in organs (spleen, adrenal gland, lung heart, liver, kidney, spinal cord, and brain)
of sacrificed mice were determined after homogenization of organs by titration

on Vero cell monolayers as described elsewhere (42). Each test and control
group contained 9 or 10 animals with detectable HSV-1 infection.

RESULTS

Mapping and analysis of the gB epitope recognized by MAb
2c. The recently determined crystal structure of the ectodo-
main of gB from HSV-1 revealed a multidomain trimer with
five distinct structural domains: domain I (base), domain II
(middle), domain III (core), domain IV (crown), and domain
V (arm) (25). To characterize the neutralizing epitope of MAb
2c, we tested its reactivity with recombinant gB(730)t (4) in
Western blot analysis under either reducing or nonreducing
conditions. As controls, we used MAb H1817, recognizing a
linear epitope (4), and MAb H126, recognizing a discontinu-
ous epitope (34). A typical staining pattern for a linear epitope
was obtained in Western blot analysis with MAb H1817, show-
ing detection of monomeric and trimeric forms of gB under
nonreducing conditions and sole predominant staining of gB
monomer under reducing conditions (Fig. 1). As expected,
MAb H126 reacted with gB only under native conditions. Sur-
prisingly, recognition of solely the upper gB protein band of
�170 kDa suggests that MAb H126 is trimer specific (Fig. 1).
MAb 2c reacted with native and denatured gB; however, re-
activity under denaturing conditions was much weaker than
with MAb H1817 (Fig. 1). Weak reactivity with gB monomers
under denaturing conditions has been previously reported for
a set of other neutralizing antibodies binding to discontinuous
epitopes that seem either to be resistant to denaturation or to
refold during SDS-PAGE and therefore are termed “pseudo-
continuous” epitopes (4).

To narrow down the identity of the conformation-dependent
epitope, reactivity of MAb 2c was further characterized using
COS-1 cells transiently transfected with plasmids encoding ei-
ther full-length gB (positions 31 to 904) or gB mutants with
C-terminal truncations at positions 720, 630, 503, 487, and 470.
The shortest gB deletion mutant showing positive internal im-
munofluorescence signals was truncated at position 487 (data
not shown). Thus, we reasoned that the epitope for MAb 2c is
located within residues 31 to 487.

FIG. 1. Characterization of MAb 2c according to its reactivity with
gB under different SDS-PAGE conditions. Recombinant gB(730)t re-
solved by SDS-PAGE under either nonreducing, native (N) or reduc-
ing, denatured (D) conditions was transferred to nitrocellulose mem-
branes and probed with gB-specific monoclonal antibody H1817,
H126, or 2c. For controls, MAbs H1817 and H126, recognizing a
continuous epitope and a discontinuous epitope, respectively, were
used. Molecular mass is indicated on the left and migration of gB
trimer and monomer on the right.
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To identify the specific epitope involved in binding of MAb
2c, we used gB-derived peptides displayed on peptide microar-
rays. First, the gB sequence displaying amino acids 31 to 505
was prepared by SPOT synthesis as overlapping 13-mer pep-
tides bound with uncharged acetylated amino-terminal ends to
a continuous cellulose membrane with an offset of 3 amino
acids. To avoid shifting of the binding equilibrium for the
noncomplexed antibody, MAb 2c peptide scans were immobi-
lized on a PVDF membrane prior to detection by chemilumi-
nescence. As shown in the schematic representation of the
full-length gB with indicated functional domains (Fig. 2A),
MAb 2c reactivity was restricted to peptides spanning two
separate regions within domain I, i.e., three consecutive pep-
tides comprising residues 175 to 193 (binding region A) and
two overlapping peptides comprising residues 295 to 310 (bind-
ing region B). To validate the identified binding regions, we
used an additional set of purified 13-mer peptides immobilized
on glass slides via a flexible linker. Compared to the cellulose
screen, the readout of this microarray scanning via fluores-
cence confirmed the same epitope binding regions (Fig. 2B).
Due to the application of purified peptides and a high-resolu-
tion microarray scanning system, additional consecutive pep-
tides at both binding sites were recognized by MAb 2c in this
peptide microarray (Fig. 2B).

We mapped the identified binding sites for MAb 2c to the
solved gB structure (25). Interestingly, the peptide 172QVWF
GHRYSQFMG184, showing the strongest reactivity with MAb
2c, overlapped with one of the two putative fusion loops (fu-
sion loop 1, 173VWFGHRY179) located in a curving subdomain

of domain I (23) (Fig. 3). However, localization of binding site
A at the base of the gB trimer makes it inaccessible to MAb 2c
in the available gB structure most likely representing the post-
fusion conformation (25). Residues of binding site B are ex-
posed and located at the upper part of domain I (Fig. 3).

To further assess the conformation-dependent epitope of
MAb 2c, consensus sequences of both binding regions were
connected in various combinations as duotopes either directly
or separated by one or two �-alanine spacers (Fig. 4). It has
recently been shown that linker insertions in close proximity to
fusion loop 1 after residue E187 result in fusion-deficient gB
mutants (41), even though gB folds into a postfusion confor-
mation (41). Therefore, we included in addition to the consen-
sus motif 179YSQFMG184 of binding region A the 186FED188

motif of binding region A into separate duotope scans. Com-
pared to the peptide 172QVWFGHRYSQFMG184, displaying
the strongest binding reactivity with MAb 2c in the 13-mer
peptide scans (Fig. 4), the combination of both binding site A
motifs with the consensus peptide 300FYGYRE305 of binding
site B resulted in two duotopes with enhanced signal intensities
(Fig. 4, duotope sets I and II). Whereas the strength of binding
of MAb 2c to duotope 179YSQFMG184-�A-300FYGYRE305

was only slightly increased, near saturation of the fluorescence
signal intensity was obtained with duotope 186FED188-�A-
�A-300FYGYRE305.

Thus, the results from the peptide microarrays correspond
to the Western blotting results and demonstrate that MAb 2c
recognizes a conformation-dependent epitope. To prevent fu-
sion of the virion envelope with the cell membrane, MAb 2c

FIG. 2. Peptide mapping of MAb 2c to gB. (A) Schematic localization of binding regions A and B identified on a peptide library spanning the
extracellular domain of gB from amino acid 31 to 505. The 13-mer peptides were synthesized on a continuous cellulose membrane with an offset
of 3 amino acids, and bound MAb 2c was detected with a peroxidase-conjugated secondary antibody by chemiluminescence. Coloring of functional
domains I to V corresponds to the crystal structure of gB reported by Heldwein et al. (25), and regions not solved in the crystal structure are shown
in gray (25), S, signal sequence. (B) Fluorescence signal intensities from high-resolution laser scans with 13-mer peptides immobilized on glass
slides via a flexible linker.
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should bind to the prefusion conformation of gB. However, the
neutralizing epitope of MAb 2c maps only in part to the sur-
face of the gB conformation present in the available gB crystal
structure (25), which indicates that gB might adopt distinct
conformations during entry.

Characterization of MAb 2c-derived bivalent and monova-
lent antibodies. Monoclonal antibodies have been used by
several investigators to identify regions on gB that are essential
for its function in virus entry (4, 26, 40, 54). It has been
suggested that neutralizing antibodies, which have been
mapped to a unique functional region at the base of the gB
trimer comprising residues of the C-terminal end of domain V
and residues of domain I of a proximate protomer, interfere
with the fusogenic activity of gB (4). We therefore hypothe-
sized that monovalent antibody binding to the MAb 2c epitope
within domain I close to the C terminus of domain V should
sufficiently block cooperative conformational changes upon ac-
tivation of gB. Since MAb 2c neutralizes HSV-1 without com-
plement in vitro (17), we generated conventional F(ab�)2 and
Fab fragments and a recombinant single-chain variable frag-
ment (scFv) as valuable tools for studying the hypothesized
mechanism mediated by MAb 2c. The homogeneity of the
generated antibody preparations was monitored by size exclu-
sion chromatography (data not shown).

Flow cytometry analysis using Vero cells either infected or
not infected with HSV-1 or HSV-2, respectively, demonstrated
specific binding of MAb 2c and MAb 2c-derived antibody frag-
ments (data not shown). We further used fluorescence cytom-
etry to determine equilibrium binding curves of the antibodies
to HSV-1- and HSV-2-infected Vero cells (Fig. 5). The results
of these studies demonstrated higher apparent affinities for the
whole IgG and the F(ab�)2 fragment than for the Fab and scFv,
respectively (Table 1). The increment in functional affinity
(avidity) for the bivalent antibodies relative to the determined
affinities of the monovalent antibodies indicates that the biva-
lent antibodies were able to bind two gB epitopes on the cell
surface simultaneously. Bivalent MAb 2c and 2c F(ab�)2

showed a 1.7- to 2.8-fold-higher apparent affinity than their
monovalent counterparts. The slight increment in the apparent
affinity of the F(ab�)2 fragment versus the IgG might be due to
the higher flexibility of the antigen binding sites within the
F(ab�)2 construct. The similar apparent affinities of MAb 2c, 2c
F(ab�)2, and 2c Fab for both HSV-1- and HSV-2-infected Vero
cells confirmed that the recognized gB epitope does not struc-
turally differ between the two viruses (Table 1).

Neutralization activities of monovalent and bivalent anti-
bodies in vitro. The equal neutralization efficacy of MAb 2c
irrespective of whether the antibody was added before (preat-
tachment) or after (postattachment) HSV-1 virions interacted
with Vero cells (Fig. 6A) indicated that MAb 2c does not
interfere with virus binding to target cells. In contrast, the
polyclonal human gamma globulin Intratect clearly neutralized
by inhibition of virion attachment to target cells (Fig. 6B). The
neutralizing activities of MAb 2c-derived fragments F(ab�)2,
Fab, and scFv were compared with that of their parental IgG
counterpart in a standard neutralization assay on Vero cells.
The parental MAb 2c reduced HSV-1-induced cytopathic ef-

FIG. 3. Localization of neutralizing MAb 2c epitopes on the gB
crystal structure (Protein Data Bank [PDB] accession no. 2GUM). The
ribbon diagram of the gB trimer shows one protomer with functional
domains colored (domain I in cyan, domain II in green, domain III in
yellow, domain IV in orange, and domain V in red). The other two
protomers are shown in dark and light gray. Asterisks indicate the
fusion loops of protomers highlighted in gray; fusion loops of the
colored protomer are not visible. The mapped residues of the discon-
tinuous MAb 2c epitope, F175 to A190 and F300 to E305, are indicated in
surface representation by dark blue for the color-coded protomer and
by rose for both other protomers.

FIG. 4. Duotope scanning of MAb 2c. Consensus sequences (un-
derlined) of MAb 2c binding regions A and B (dashed bars) were
synthesized as duotopes (white and black bars) either joined directly or
separated by one or two �-alanine spacers (B and B-B). The reactivity
of MAb 2c with duotopes was recorded by fluorescence signal inten-
sities from high-resolution laser scans.
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fect (CPE) by 100% at a concentration of 8 nM. Interestingly,
a 4-fold-higher MAb 2c concentration was required to com-
pletely reduce HSV-2-induced CPE (Fig. 7A). The bivalent 2c
F(ab�)2 reduced both HSV-1- and HSV-2-induced CPE twice
as efficiently as the parental MAb 2c. Surprisingly, we observed
a fundamental difference in the abilities of the monovalent 2c
antibody fragments to neutralize HSV-1 and HSV-2. Com-
pared to the parental MAb 2c, approximately 375- and 94-fold-
higher concentrations of 2c Fab were necessary to reduce
HSV-1- and HSV-2-induced CPE by 100%, respectively (Fig.
7A). The recombinant 2c scFv showed a plaque-reductive ef-

fect under the light microscope but was not able to reduce
HSV-induced CPE by 100% even at the highest tested con-
centration of 3,000 nM (data not shown).

Since both bivalent antibodies MAb 2c and 2c F(ab�)2 neu-
tralized HSV-2 about four times less effectively than HSV-1
(Fig. 7A), we analyzed the genome copy numbers of HSV-1
and HSV-2 preparations containing equal amounts of infec-
tious particles by quantitative real-time PCR. Compared to
HSV-1, a 4-fold-higher number of genome equivalents was
found for HSV-2 (data not shown), correlating well with the
higher antibody titers of MAb 2c and 2c F(ab�)2 required for
HSV-2 neutralization.

Neutralization assays as shown in Fig. 7A indicated a strong
correlation between antibody valency and neutralization effi-
ciency. Consequently, we investigated whether the ability of 2c
Fab fragments for clearing virus infection could be restored by
cross-linkage of the Fab fragments. The virus neutralization
assay was repeated for 2c Fab in the absence or presence of
IgGs reacting with murine Fab fragments. As shown in Fig. 7B,
cross-linking of 2c Fab dramatically increased neutralizing ac-
tivity but could not restore it to the same efficacy as for the
parental MAb 2c. Anti-murine Fab IgGs alone showed no
effect on virus neutralization (data not shown).

FIG. 5. Equilibrium binding curves for MAb 2c, 2c F(ab�)2, 2c Fab,
and 2c scFv as determined by flow cytometry. Binding activities to
HSV-1 F (A)- or HSV-2 G (B)-infected Vero cells at the indicated
concentrations are shown as percentage of maximum median fluores-
cence intensity. Experiments were twice performed in triplicate; error
bars represent standard deviations.

TABLE 1. Apparent equilibrium constants for binding of MAb 2c
and derived antibody fragments to HSV-1 F- or HSV-2

G-infected Vero cells

Virus

KD (nM)-a

IgG
(bivalent)

F(ab�)2
(bivalent)

Fab
(monovalent)

scFv
(monovalent)

HSV-1 F 10.2 6.9 17.3 19.2
HSV-2 G 10.7 8.8 17.7 ND

a Equilibrium constants (KDs) for binding to gB on HSV-infected cells were
determined by fitting the data from the equilibrium binding curves deter-
mined by flow cytometry (Fig. 5) to the Marquardt-Levenberg equation. ND,
not determined.

FIG. 6. Inhibition of HSV-1 virion attachment to target cells by
MAb 2c. Serial dilutions of MAb 2c (0.98 to 125 nM) (A) or polyvalent
human gamma globulin (Intratect) (0.33 to 42 �M) (B) were added to
Vero cell monolayers in 96-well microtiter plates following preincuba-
tion with 100 TCID50 HSV-1 (preattachment neutralization) or post-
adsorption of 100 TCID50 HSV-1 to target cells (postattachment neu-
tralization). The highest antibody titer and polyvalent human IgG titer,
respectively, preventing virus-induced cytopathic effect (CPE) in 10
individual inoculated cell monolayers to 100% and 50% relative to
controls were determined after 72 h of incubation at 37°C and consid-
ered the endpoint. Standard errors of the means from three indepen-
dent experiments were �0.1.
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Inhibition of cell-to-cell spread. Despite the ability of gB-
and gD-specific monoclonal antibodies to neutralize HSV-1
with high efficacy, some of them failed to protect cells from
viral spread in tissue culture (11, 50). We therefore first com-

pared the efficacies of MAb 2c for inhibiting cell-to-cell spread
of HSV-1 and HSV-2 in a plaque reduction assay. As shown in
Fig. 8, a concentration-dependent reduction of plaque size by
MAb 2c was observed for both HSV serotypes. At a concen-
tration of 500 nM, MAb 2c completely abolished HSV-1
plaque development (Fig. 8A). Similar to the results of the
neutralization experiments, a 4-fold-higher MAb 2c concentra-
tion was required to also completely inhibit cell-to-cell trans-
mission in HSV-2 infected cells (Fig. 8B).

Although 2c Fab fragments did not efficiently neutralize free
virions but it was reported that small antibody fragments may
exhibit more favorable diffusion properties (68), we investi-
gated their activity for preventing HSV-1 from crossing cell
junctions from infected to uninfected cells. For this analysis,
we employed a more sensitive immunofluorescence assay.
Both bivalent antibodies, MAb 2c and 2c F(ab�)2, completely
abrogated HSV-1 spread in Vero cell monolayers, and only
single infected cells could be visualized by indirect immuno-
fluorescence (Fig. 9). Despite the ability of the polyclonal hu-
man serum to neutralize free virions, it completely failed to
inhibit viral cell-to-cell spread. This is most likely the result of
the heterogeneous population of neutralizing antibodies di-
rected against numerous HSV epitopes. Compared with poly-
clonal human immune serum, the monovalent 2c Fab fragment
was able to control cell-to-cell spread to some extent. In con-
trast to its bivalent counterparts, however, the monovalent 2c
Fab fragment was not able to completely abrogate viral spread
even when tested at a 6-fold-higher concentration (Fig. 9).
Hence, antibody valency played a key role in also inhibiting
spread of HSV-1 between adjacent cells.

Immunoprotection of immunodeficient mice against dis-
seminated HSV infection. We showed previously that mice
depleted of both CD4� and CD8� T cells were fully protected
from lethal encephalitis by passive transfer of MAb 2c after
intravaginal HSV-1 infection (18). Natural killer (NK) cells
accumulating at the site of HSV-2 infection in humans (29) are
the early source of gamma interferon (46), which plays an
essential role in the control of HSV infection (2, 46, 64). More
recently, it has been demonstrated for the first time that hu-
man NK cells mediate protection against primary genital HSV

FIG. 7. Effect of valency of anti-gB antibodies on in vitro neutral-
ization of HSV. (A) Bivalent antibodies MAb 2c (IgG) and 2c F(ab�)2
and monovalent 2c Fab were incubated in serial dilutions for 1 h with
100 TCID50 HSV-1 F or HSV-2 G before inoculation onto Vero cells.
CPE was scored 72 h later as described in the legend to Fig. 6. Shown
are antibody concentrations required to neutralize 100% of the viral
inoculum from one of three representative replicate experiments.
(B) Antiviral activity of 2c Fab fragments cross-linked with murine
anti-Fab IgGs.

FIG. 8. Inhibition of cell-to-cell spread of HSV-1 and HSV-2 on Vero cell monolayers by MAb 2c. Vero cell monolayers infected with 100
TCID50/500 �l of HSV-1 (A) and HSV-2 (B) were treated with increasing concentrations of MAb 2c as indicated. The concentration-dependent
plaque reduction on Vero cell monolayers is shown by light microscopy after 48 h of incubation. The microscopic pictures shown are representative
of multiple image sections observed in two independent experiments. Bar, 200 �m.
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infection in humanized mice as an innate immune response
(38). To investigate whether MAb 2c confers antiviral activity
independently of an antibody-mediated immune response, we
employed a NOD/SCID mouse model, which in addition to the
SCID T- and B-cell deficiency, lacks NK cell and macrophage
function and the ability to stimulate the complement pathway.
Intravaginal HSV-1 infection (1 � 106 TCID50) of NOD/SCID
mice resulted in rapid progressive systemic disease with a me-
dian survival time of 9 days. HSV titers in organs were deter-
mined by an endpoint dilution assay, showing high viral titers
in spinal cord (2.3 � 106 TCID50), brain (3.8 � 105 TCID50),
and vaginal mucosa (1.4 � 106 TCID50), moderate titers in
kidney (1.7 � 104 TCID50) and adrenal glands (1.1 � 104

TCID50), and low titers in lung (1.1 � 103 TCID50) and heart
(1.9 � 102 TCID50) (data not shown). To assess the therapeu-
tic efficiency of MAb 2c, NOD/SCID mice were treated intra-
venously with either 2.5 mg/kg, 5 mg/kg, or 15 mg/kg of anti-
body at 24 h prior to intravaginal HSV-1 challenge (Fig. 10).
Mice receiving the low antibody doses were not fully protected
against lethal infection by HSV-1. Median survival times of
mice treated with 5 mg/kg MAb 2c, however, were 2.6-fold-
longer than those of control mice receiving PBS. The HSV-1
titers in the investigated organs from mice not protected
against lethal encephalitis were comparable to those in the
untreated control group. In contrast, full protection of animals
was achieved at a dose of 15 mg/kg MAb 2c. Viral titers in
organs of mice protected by the antibody were below the de-
tection limit of 1 � 102 TCID50.

We next evaluated whether postexposure immunization with
MAb 2c also confers protection from viral dissemination and
lethal encephalitis in the presence of an established peripheral
HSV infection. NOD/SCID mice with high HSV-1 titers in
vaginal irrigations at 24 h after viral challenge were repeatedly
treated at 24 h, 40 h, and 56 h intravenously with 15 mg/kg of
MAb 2c (Fig. 11A and B). The PBS-treated control group

showed constant vaginal virus shedding until mice with neuro-
logical symptoms had to be sacrificed at between day 7 and day
9. In contrast, MAb 2c cleared established HSV-1 infection by
day 8 and completely prevented lethal outcome of infection
(3 � 300 �g; P 	 0.0003 compared with PBS). Furthermore,
no virions were detected in sensory neurons and organs of
MAb 2c-treated animals at 1 month after infection (data not
shown).

DISCUSSION

Following the steps viruses take to enter target cells, virus-
neutralizing MAbs can inhibit entry by several mechanisms.
The specific interaction of viral surface proteins with cellular
proteins, lipids, or carbohydrates represents the initial stage of
infection, which can be blocked by neutralizing antibodies.

FIG. 9. Inhibition of HSV-1 cell-to-cell spread. Immunofluorescence (upper panel) and overlays of light microscopy and immunofluorescence
pictures (lower panel) of confluent Vero cell monolayers 48 h after infection with HSV-1 (400 TCID50/500 �l) treated with pooled human
polyclonal HSV-1-neutralizing sera (1:20), MAb 2c (IgG, 500 nM), 2c F(ab�)2 (500 nM), or 2c Fab (3,000 nM) are shown. Viral antigens were
visualized by immunostaining with FITC-conjugated polyclonal goat anti-HSV serum. Uninfected cells (mock) used as a control showed no
background staining (not shown).

FIG. 10. Dose-dependent survival of MAb 2c-treated immunodefi-
cient mice. NOD/SCID mice received different single dosages of MAb
2c intravenously 24 h before intravaginal challenge with 1 � 106

TCID50 HSV-1 (n 	 7 animals per group for PBS; n 	 9 for all other
groups).
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Antibodies inhibiting virus attachment either directly bind to
the virion receptor binding site, as in the case of MAb F105
reacting with the CD4 binding site of HIV-1 gp120 and Fab
HC19 covering the receptor binding site of influenza virus
hemagglutinin (HA) (6, 20, 56), or sterically interfere with
receptor engagement, as in the case of Fab HC45 binding in
17-Å proximity to the HA receptor binding site (19). In addi-
tion to the essential binding of HSV gD to one of its cellular
receptors, gB plays a role in virion attachment to target cells.
Recently, the existence of two heparan sulfate proteoglycan-
independent true cell surface receptors and/or attachment
factors for HSV gB has been described (5, 24, 62). Paired
immunoglobulin-like type 2 receptor (PILR
) has been char-
acterized as one possible protein receptor of gB, at least in
certain cell types (62). For MAb 2c, comparative pre- versus
postattachment neutralization assays showed that the antibody
may not inhibit binding of virus to the cell surface but that it
blocks viral entry. It has been shown previously that the inter-
action of gB with lipid membranes via key hydrophobic and
hydrophilic residues of its fusion domain (23, 24) can be
blocked by MAbs that recognize epitopes in close proximity to
the fusion loops (4, 23). Because the conformational epitope of
MAb 2c partially overlaps with fusion loop 1, we reasoned that
binding of MAb 2c most likely interferes with transmission of

the fusogenic signal, and we further evaluated neutralization at
the postbinding/prefusion stage as a possible mode of action.

Triggered structural rearrangement is a key feature of viral
fusogenic glycoproteins, resulting in distinct prefusion and
postfusion conformations. Epitopes of different neutralizing
MAbs have been mapped along the lateral domains of the
spikes and to the tip of the crown of the gB crystal structure (4,
25). The epitope of MAb 2c maps to a unique functional region
(FR1) at the base of the gB trimer consisting of residues within
the C-terminal helix 
F of domain V and residues within do-
main I of a proximate protomer (4). Our homology model
shows that one part of the discontinuous epitope (F300 to E305)
recognized by MAb 2c localizes to the upper section of domain
I of gB, which has characteristics of a pleckstrin homology
(PH) domain (7, 39). The other part of the epitope (F175 to
A190, also located in domain I), however, is buried and would
be inaccessible to MAb 2c binding unless gB undergoes a
major conformational change. We therefore hypothesized that
MAb 2c impedes transition of gB preferentially in the prefu-
sion conformation. Based on the MAb 2c epitope localization
and the assumption that conformational changes upon activa-
tion are cooperative, we reasoned that monovalent interaction
of MAb 2c would be sufficient for blocking juxtaposition of the
fusogenic domain of gB and the cellular membrane. Surpris-
ingly, however, none of the generated monovalent antibody
fragments (Fab and scFv) was able to efficiently neutralize free
virions or to inhibit viral cell-to-cell spread. In contrast, both
bivalent molecules, MAb 2c and 2c F(ab�)2, were highly effec-
tive for virus neutralization and cell-to-cell spread inhibition.
Retention of specific and comparable binding activities of all
MAb 2c-derived antibodies in this study excludes functional
differences of monovalent and bivalent antibodies due to im-
paired antigen recognition. Multivalent binding of immuno-
globulins augments their functional affinity (27). The gain in
functional affinity, however, inversely correlates with the in-
trinsic affinity of the antibody binding site (51). The only-
moderate increment in equilibrium constants of between 1.7
and 2.8 for the bivalent 2c antibodies, IgG and F(ab�)2, com-
pared to their monovalent counterparts, scFv and Fab, is thus
not unusual for antibodies with intrinsic affinities in the low-
nanomolar range. Thus, the higher apparent affinity in fact
indicates that multivalent (higher-avidity) binding to the gB
antigen does occur and suggests that the antiviral activity of
MAb 2c and 2c F(ab�)2 is a consequence of gB cross-linking.
Inferior neutralization efficiency of monovalent versus bi- or
multivalent antibodies with specificity for the gH antigen of
varicella-zoster virus (VZV) has been discussed as a matter of
steric hindrance due to the different sizes of these antibodies
(16). Although we cannot completely exclude this possibility as
a potential additional neutralization mechanism for the MAb
2c variants, this seems unlikely because a direct correlation
between antibody size, neutralization efficiency, and cell-to-cell
spread inhibition was not observed. Furthermore, our data
show that the smaller 2c F(ab�)2 had an even better virus
neutralization activity than the larger 2c IgG. Hence, the
present observations indicate that gB cross-linking is the key
mechanism for the antiviral activity of MAb 2c and suggest that
stabilization of the gB prefusion conformation through immo-
bilization of gB trimers inhibits activation of the fusogenic
signal. A recent study by Silverman et al. (63) proposed that a

FIG. 11. Protection of NOD/SCID mice against HSV-1 dissemina-
tion by systemically applied MAb 2c. (A) Starting at 24 h postinfection,
mice received 15 mg/kg MAb 2c three times intravenously at the time
points indicated by arrows (24 h, 40 h, and 56 h). (B) Vaginal virus
titers of MAb 2c- or control-treated mice were determined from vagi-
nal irrigations cultured on Vero cell monolayers. Error bars indicate
standard deviation (n 	 6 infected animals per group for PBS; n 	 9
for MAb 2c).
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fusion-deficient phenotype of the HSV-1 gB ectodomain upon
insertion of five amino acids after residue E187 close to the
fusion loop 1 may result not from interference with conforma-
tional changes of gB but rather from interference with other
mechanistic gB functions. In our duotope scans MAb 2c re-
acted most strongly with binding site A/B duotope 186FED188-
�A-�A-300FYGYRE305, covering the particular insertion site
E187, which seems to be critical for gB function. It is therefore
tempting to speculate that MAb 2c cross-linking impairs the
ability of gB to interact with the other components of the HSV
fusion machinery. However, further research is necessary,
since our results do not allow us to distinguish whether cross-
linking blocks the conformational change of gB itself or blocks
the interaction between gB, gD, and gH/gL, which occurs dur-
ing cell fusion (3) and is essential for completing the fusion
process (67). The HSV-1 gB conformation observed in the
solved crystals (25) suggested to represent the postfusion form
and a prefusion model of gB has not yet been characterized.
Therefore, X-ray crystallographic studies of MAb 2c or its
F(ab�)2 in complex with gB might provide insights into the
native conformation of gB and a better understanding about
transmission of the fusogenic signal.

Severe and even life-threatening HSV infections can occur
in maternally infected newborns, in patients with recurrent
ocular infections, or in severely immunocompromised patients.
To investigate whether systemic application of our anti-gB
antibody also confers protection in a highly immunodeficient in
vivo setting, we employed a NOD/SCID mouse model. We
used intravaginal HSV-1 inoculation as an established route of
ganglionic infection, with axonal spread of the virus causing
hind limb paralysis and fatal herpetic encephalitis in immuno-
competent as well as in T-cell-depleted mice (17, 18). Here we
demonstrate that MAb 2c not only fully protects NOD/SCID
in the acute phase of primary HSV-1 infection but also is
effective in completely preventing neurological disease and
death even after peripheral virus spread has commenced. The
HSV cell-to-cell spread is a very efficient way for virus to
transfer across neuronal synapses and tight junctions as well as
to circumvent immunological barriers of the adaptive immune
system. MAb 2c both decreases virus expression of infected
vaginal tissues and inhibits axonal spread of HSV. Other re-
ports showed that administration of anti-HSV IgGs after viral
challenge can reduce the quantity of acute ganglionic infec-
tions in animals (17, 43). Consistently, intraperitoneally admin-
istered recombinant human anti-gD IgG in mice with corneal
HSV-1 infection was shown to localize to HSV-infected nerve
fibers and sensory neurons (61). Furthermore, passive immu-
nization of immunocompetent animals with MAbs specific for
HSV gD, gC, or gB administered postexposure at appropriate
times demonstrated protection against HSV-induced neuro-
logical disease (14, 17). However, it has also been concluded
from several animal studies that humoral immunity alone is
ineffective in the control of HSV infections. Consistent with
this view, administration of anti-HSV-1 hyperimmune serum
has been reported to be insufficient for protecting immunosup-
pressed or immunodeficient mice (48, 49, 52, 53, 58). Another
study, in an HSV-1-induced stromal keratitis mouse model,
showed that an anti-gD MAb prevented death of mice de-
pleted of either CD4� or CD8� T cells but failed to prevent
death when mice were depleted of both T-cell subsets simul-

taneously (66). On the other hand, intraperitoneal application
of a human anti-gD MAb to athymic nude mice 24 h after
intracutaneous HSV-1 infection was able to prevent death in
11% of the animals (60). Although the role of antibodies in
resolving viral diseases is controversial, our in vivo data ob-
tained in a severely immunocompromised setting clearly show
that a monoclonal antibody can mediate full protection even
after HSV reaches the peripheral nervous system. Therefore,
these results encourage further development of monoclonal
antibodies with properties comparable to those of MAb 2c for
therapy of severe HSV diseases.

To our knowledge, we here demonstrate for the first time
the protective efficacy of a systemically applied anti-gB cross-
linking MAb that prevents neuronal HSV-1 spread completely
independently from cellular effector mechanisms and comple-
ment.
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