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We report the characterization of a type-common human recombinant monoclonal antibody previously
isolated by antigen selection from a phage-displayed combinatorial antibody library established from a herpes
simplex virus (HSV)-seropositive individual. Competition with well-characterized murine monoclonal anti-
bodies and immunodetection of gD truncations revealed that this antibody recognizes the group Ib antigenic
site of glycoprotein D, a highly conserved and protective type-common determinant. To our knowledge, this is
the first human group Ib monoclonal antibody ever described. The antibody also displayed first-order neu-
tralization kinetics and a high neutralization rate constant, was capable of completely inhibiting syncytium
formation by a fusogenic strain of HSV type 1, and efficiently neutralized low-passage clinical isolates of both
HSV serotypes. Taken together with our earlier observations of the in vivo antiviral activities of this human
recombinant antibody in animal models of HSV infection, the present results support the high therapeutic
potential of this antibody.

Passively administered immunoglobulins confer protection
against a large number of viral and bacterial pathogens (6, 10,
17). The growing clinical problems associated with resistance
to antiherpetic drugs, especially in immunosuppressed individ-
uals, supports the importance of exploring novel potential
therapeutic approaches (7, 8, 19, 35, 39).

The capacity of murine monoclonal antibodies (MAbs) to her-
pes simplex virus (HSV) to protect experimental animals in dif-
ferent paradigms has been widely demonstrated (2, 13, 24, 30).
However, the efficacy of passive immunization with human im-
mune serum is limited (23, 45). This is consistent with the notion
that protective antibodies against HSV may be present only as a
minor component of the natural immune response, as suggested
by several lines of evidence (16, 30, 33). Therefore, it is of primary
importance to clonally isolate and characterize the protective
antibodies generated in the natural human immune response and
to explore their protective mechanisms, as well as the means by
which they can be exploited therapeutically.

Only a few human MAbs suitable for passive immunization
of humans have been produced, primarily because of the lim-
ited efficacy of conventional hybridoma technologies in estab-
lishing human antibodies. Affinity-based antibody cloning from
combinatorial Fab libraries displayed on the surface of bacte-
riophage M13 is an alternative and very effective means to
isolate human MAbs against viral pathogens (46). With this
approach, sequences coding for light chains and the portion of
heavy chains contributing to antibody Fab fragments (Fd re-
gions) are cloned in the same phagemid vector and expressed
in Escherichia coli as a fusion protein with a filamentous phage
structural protein, cpIII (reviewed in reference 6). This fusion

protein is targeted to the periplasmic space, where functional
Fabs assemble. Upon infection with a helper phage, the Fab-
cpIII fusions are incorporated into the virions and can bind
immobilized antigens, thus allowing for the selection of anti-
bodies to the targets of interest (6). Such Fabs can later be
converted to whole antibodies by recombinant DNA tech-
niques and expressed in eukaryotic cell systems. Antibodies
cloned with this strategy have proved effective against different
viruses in both in vitro and in vivo paradigms (4, 9, 37, 40, 41,
46, 50) and have the potential to prove useful in the prophy-
laxis or therapy of uncontrolled, medically important human
viral diseases (6). Furthermore, they can be valuable diagnostic
tools (5, 47).

With this technology, we have also generated human mono-
clonal antibodies to HSV type 1 (HSV-1) and HSV-2 from
HSV-seropositive individuals (4, 41, 46), including the anti-
body described in the present report, which was designated
HSV8 (4). HSV8 is an immunoglobulin G1 (IgG1) type-com-
mon neutralizing antibody specific for HSV glycoprotein D
(gD) (4). Initial in vivo experiments with this human recombi-
nant antibody in mice demonstrated that it can be highly ef-
fective, even in immunodeficient mice, when administered ei-
ther systemically or topically (40, 50). The present study was
undertaken to further characterize the antiviral activities of
antibody HSV8. In particular, we have determined the epitope
specificity of the antibody and investigated its antiviral activi-
ties in in vitro assays designed to explore its effectiveness
against both cell-free and cell-associated virus. These included
neutralization kinetics, neutralization of low-passage clinical
isolates, and inhibition of cell-to-cell spread by a fusogenic
strain of HSV-1.

MATERIALS AND METHODS

Antibodies, cells, and virus. The recombinant human MAb in this study was
initially termed AC8 (4), but we now refer to it as HSV8. Establishment and
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production of whole HSV8 IgG1 in eukaryotic cells has been reported (40).
Unless otherwise specified, the experiments described here utilized whole HSV8
IgG1 expressed in CHO cells. Murine MAbs to HSV gD were kindly provided by
Patricia Spear, Northwestern University, Chicago, Ill. (MAb III-174); Lenore
Pereira, University of California, San Francisco (MAbs H170 and HD1); and
Gary Cohen and Roselyn Eisenberg, University of Pennsylvania, Philadelphia
(DL11). A MAb to gB (1105) was obtained from the Goodwin Institute (Plan-
tation, Fla.). All murine MAbs were used as divalent whole IgGs. A rabbit
polyclonal antibody to HSV-1 was obtained from Dako Corporation (Carpinte-
ria, Calif.). gD fragments were also generously provided by Gary Cohen and
Roselyn Eisenberg. HSV-2 strain G and HSV-1 strain F were obtained from the
American Type Culture Collection (ATCC) and propagated in Hep2 cells
(ATCC). Fusogenic viral strain HSV-1(HFEM)syn was kindly provided by Pa-
tricia Spear. Serotyped low-passage primary isolates, isolated by standard tech-
niques (1), were generously provided by Nino Manca, University of Brescia,
Brescia, Italy. They were all from primary lesions of patients never exposed to
antiherpetic treatments (see the legend to Fig. 6 for clinical data). Vero cells
(ATCC) were used for viral titrations and all plaque reduction and syncytium
inhibition experiments. All cells were maintained in RPMI 1640 medium sup-
plemented with 10% heat-inactivated fetal calf serum.

Epitope mapping. (i) Competition capture ELISA. Different MAbs against gD
were bound to enzyme-linked immunosorbent assay (ELISA) plates (Costar,
Cambridge, Mass.) overnight at 4°C (0.2 mg/well in 25 ml of phosphate-buffered
saline [PBS]). MAb 1105 against glycoprotein B was used in parallel as a negative
control. The wells were blocked for 1 h with 3% bovine serum albumin (BSA) in
PBS. A clarified total lysate of HSV-1-infected Vero cells in 13 radioimmuno-
precipitation assay buffer (1% Nonidet P-40 [Sigma, St. Louis, Mo.], 1% Na
deoxycholate in PBS) was then added (about 100 ng/well), and the mixture was
incubated for 20 min. After washes with PBS containing 0.05% (vol/vol) Tween
20 (Sigma), the wells were incubated with either HSV8 (1 mg/well) or a rabbit
anti-HSV serum (1:400) in 1% BSA in PBS for 1 h. The plates were again washed
with PBS-Tween and incubated with an alkaline phosphatase-conjugated goat
anti-human F(ab9)2 second antibody (Pierce, Rockford, Ill.) for 1 h more (1:
1,000 in PBS). After washing, phosphatase activity was revealed with p-nitrophe-
nyl phosphate (PNPP; 0.1%, wt/vol) in 0.1 M NaHCO3 buffer (pH 8.4). Optical
density values were read at 405 nm.

(ii) Competition in direct (noncapture) ELISA. ELISA plates were coated
overnight with about 25 ng of total HSV-1-infected cell proteins and blocked
with BSA as described above. To evaluate the ability of HSV8 to compete with
group I anti-gD antibodies, a set of wells was preincubated with 50 ml of PBS–1%
BSA with HSV8 at 5 mg/well for 30 min, while control wells were incubated for
the same amount of time with 50 ml of PBS–1% BSA. Fifty nanograms of either
a group I MAb (III-174) or a group VII MAb (H170) to gD was then added per
well. Wells that had been preincubated with HSV8 were reacted with either MAb
III-174 or MAb H170 in the presence of HSV8 (5 mg/well). The MAbs were then
detected with an alkaline phosphatase-conjugated goat anti-mouse secondary
antibody (Pierce) as described above.

(iii) Slot blotting of gD truncations. Purified gD fragments (1 to 234, 1 to 275,
and 1 to 306), a generous gift of Gary Cohen and Roselyn Eisenberg, were
vacuum blotted onto polyvinylidene difluoride membranes in 100 ml of PBS (60
to 100 ng/well). The membranes were washed in Tris-buffered 33 saline (450
mM NaCl, 20 mM Tris HCl [pH 7.5], Tris-buffered saline [TBS]), blocked in 5%
(wt/vol) nonfat milk (Bio-Rad, Hercules, Calif.) for 2 h and immunoreacted with
1 to 4 mg of either HSV8 or different MAbs to gD per ml in a casein blocker in
TBS (Bio-Rad) containing 0.05% (vol/vol) Tween 20 (Tris-casein-Tween) for 4 h.
The blots were then washed in TBS with 0.05% (vol/vol) Tween 20 and incubated
for 1 h with a 1:20,000 dilution of either a horseradish peroxidase-conjugated
goat anti-human F(ab9)2 second antibody (for HSV8) or a horseradish peroxi-
dase-conjugated goat anti-mouse antibody (both from Pierce) in Tris-casein-
Tween. The blots were developed for chemiluminescence with the SuperSignal
substrate system (Bio-Rad) and exposed to Kodak BioMax MR film.

Inhibition of syncytium formation. The ability of antibody HSV8 to inhibit the
formation of syncytia was determined by using fusogenic strain HSV-1(HFEM)-
syn, a generous gift of Patricia Spear, as described by Noble et al. (34). Briefly,
confluent Vero cell monolayers in 24-well plates were infected with HSV-1
(HFEM)syn at a multiplicity of infection (MOI) of either 1 or 0.001. Wells
infected at the higher MOI were used to determine the lowest antibody concen-
tration that completely abolished the formation of syncytia (see Fig. 3), while the
wells infected at the lower MOI were used to determine the sizes of syncytia at
different antibody concentrations (see Fig. 4), given that at this MOI confluent
areas of syncytium were rare. Two hours postinfection, the inoculum was re-
moved and either medium alone or medium containing different concentrations
of HSV8 was added. After overnight incubation at 37°C, the monolayers were
fixed with 10% formalin in PBS for 10 min and stained in PBS for 5 min with
10-mg/ml 49,6-diamidino-2-phenylindole (DAPI; Sigma) which selectively stains
nuclei for UV fluorescence. Even small syncytia with DAPI fluorescence are very
clearly detectable, allowing the quantification of the number of cells in each
individual syncytium.

Neutralization experiments. For neutralization kinetics, HSV-1 (F) at 5,000
PFU/ml was incubated at 33°C with three different concentrations of bacterially
expressed Fab HSV8 (2, 6, and 18 mg/ml) or at 37°C with 3-mg/ml Fab HSV8. At
selected time points (1.25, 2.5, 5, 7.5, 10, and 15 min), 50-ml aliquots were

removed from the virus-antibody mixtures and immediately added to 5 ml of
prechilled serum-free medium at 4°C to terminate the reaction. Such 5-ml sus-
pensions were then adsorbed onto confluent Vero cell monolayers in 100-mm-
diameter plates for 1 h at 37°C with intermittent shaking. After removal of the
inoculum, a nutrient overlay containing 0.5% agarose and 2% heat-inactivated
fetal salt serum (final concentrations) in RPMI 1640 medium was added. After
the appearance of plaques, the plates were fixed with 10% formalin in PBS,
rinsed, and stained with crystal violet (10% [wt/vol] in 70% methanol). The log10
of the residual infectivity (number of plaques at the indicated experimental time
points/initial viral inoculum [V/V0]) was plotted against time on an arithmetic
scale. The neutralization rate constant was calculated with the equation (28) K 5
D/t z 2.3 log V0/Vt, where V0 and Vt are infectious virus at time zero and time t,
respectively, and D is either the dilution factor of the antiserum or, as in the
present case, the reciprocal of the molar concentration of the antibody solution
(1/C). Neutralization of low-passage HSV isolates was carried out by standard
techniques. Serial dilutions of Fab HSV8 were incubated for 1 h at 37°C with 100
PFU of virus; they were then adsorbed onto confluent Vero cell monolayers in
six-well plates by incubation for 1 h. After removal of the inoculum, a nutrient
overlay was applied as already described. Monolayers were fixed and stained as
already described.

RESULTS

Epitope mapping. HSV8 did not react with gD in denaturing
reducing Western blots, suggesting that it recognizes a nonlin-
ear conformation-dependent epitope (data not shown). MAbs
with potent complement-independent neutralizing activity and
directed to type-common discontinuous epitopes on gD tend
to recognize determinants clustered in antigenic group I of the
polypeptide (15, 33). Therefore, we used competition with
known group I MAbs to determine whether the epitope rec-
ognized by HSV8 lay within this antigenic cluster. In a com-
petition capture ELISA, HSV8 could not detect HSV-1 gD
specifically immunoadsorbed from a total viral lysate with
group I MAbs to gD (Fig. 1). Conversely, HSV8 was capable of
recognizing HSV-1 gD (Fig. 1) when this glycoprotein was
immunoadsorbed by MAb H170, which does not compete with
group I antibodies. The epitope recognized by MAb H170 is a
linear epitope located within antigenic group VII (reviewed in
reference 33). Detection with a rabbit polyclonal anti-HSV-1
serum was used as a positive control to demonstrate gD cap-
ture (Fig. 1). Capture with an anti-gB antibody, MAb 1105,
served as a negative control (Fig. 1). In addition, in a direct
(noncapture) ELISA experiment using immobilized total
HSV-1-infected cell lysate as a source of antigen, HSV8 very
effectively blocked detection of gD by a group I antibody (III-
174) but not by a group VII antibody (H170). These observa-
tions suggest that HSV8 is a group I human MAb. Group I
antibodies are further subdivided into subgroups Ia and Ib (see
Discussion). All group I antibodies react with fragment 1 to
275 of gD. Subgroup Ia antibodies also react with fragment 1
to 234 of gD, while Ib antibodies do not, since they appear to
require residues located between amino acids 234 and 275 for
their binding. HSV8 detected recombinant gD truncations 1 to
306 and 1 to 275 in slot blots but not fragment 1 to 234,
consistent with a subgroup Ib assignment (Fig. 2). Subgroup Ia
antibody HD1, subgroup Ib antibody LP11, and MAb H170,
specific for the group VII antigenic site, were used as controls
(Fig. 2).

Inhibition of syncytium formation. At a concentration of 8
mg/ml, HSV8 was effective in completely abolishing syncytium
formation following infection with fusion-inducing strain HSV-
1(HFEM)syn (34) at an MOI of 1 (Fig. 3). When Vero cell
monolayers were infected at a lower MOI so that the number
of cells contributing to individual syncytium foci could be de-
termined by counting of DAPI-stained nuclei, a reduction of
syncytium size of about 40% was observed at 2 mg/ml and a
reduction of about 70% was seen at 4 mg/ml (Fig. 4). Analysis
of variance revealed a main effect of the antibody on syncytium
size; F(4.15) 5 25.65, P , 0.01. Post-hoc analysis revealed that

VOL. 36, 1998 CHARACTERIZATION OF A HUMAN MAb TO HSV 3199



statistical significance was reached at all of the antibody con-
centrations tested.

Neutralization kinetics. In neutralization kinetic experi-
ments utilizing Fab HSV8 when the log10 of the residual in-
fectivity at selected intervals (log10 V/V0) was plotted against
time on an arithmetic scale, somewhat linear profiles extrapo-
lating to the origin were obtained (Fig. 5A and B). This kind of
plot, in which neutralization by an antibody proceeds linearly
and is not preceded by a lag period, is indicative of first-order
kinetics (11–13). Furthermore, when the slopes of the straight
lines obtained at the different concentrations used (Fig. 5B)
were plotted on an arithmetic scale versus the log10 antibody
concentrations, they also yielded a straight line passing
through the origin (Fig. 5C), which also supports first-order
kinetics (13). The neutralization rate constant (6 the standard
error) was calculated to be 1.9 (6 0.4) 3 105 M21 s21 at 37°C,
assuming a Fab molecular mass of 50 kilodaltons. For compar-
ison, we also determined the k values at 37°C of other potent
type-common neutralizing murine MAbs to HSV, i.e., H170,
H128, HD1, and III-174. In our study, H170, a group VII
antibody, demonstrated a k value of 7.8 (6 0.6) 3 104 M21 s21;
H128, a subgroup Ib antibody, had a k value of 6.2 (6 0.6) 3
104 M21 s21; HD1, a subgroup Ia MAb, had a kinetic constant
of 1.8 (6 1.8) 3 104 M21 s21; while MAb III-174, a highly
protective subgroup Ib antibody, demonstrated k values of 1.25
(6 0.26) 3 105 M21 s21 and 1.7 (6 0.15) 3 105 M21 s21 in two
independent experiments (not shown).

Neutralization of low-passage clinical isolates. Lastly, we
investigated the ability of Fab HSV8 to neutralize low-passage
clinical isolates of HSV-1 and -2. All isolates were from pri-
mary peripheral lesions, as indicated in the legend to Fig. 6. All
isolates were efficiently and comparably neutralized with an
average of 50% inhibition by about 100 ng/ml and an average
of 80% inhibition by about 200 ng/ml (Fig. 6). These concen-
trations are comparable to those obtained with laboratory
strains of HSV-1 and -2 (4).

DISCUSSION

Despite the availability of effective antiherpetic drugs, pas-
sive immunotherapy with human MAbs would be a valuable
prophylactic tool to prevent infections in newborns and in
other settings, as well as a complement to chemotherapeutic
drugs for immunocompromised individuals.

The incidence of HSV infection of newborns is 1 in 2,000 to
5,000 deliveries, and in about 50% of the cases, it involves
herpetic encephalitis, which is invariably followed by severe
sequelae (22, 45). The most severe cases of neonatal herpes
present disseminated infection with multiple visceral organs
and central nervous system involvement and are usually fatal
(45). Interestingly, transplacental maternal neutralizing anti-
bodies and antibody-dependent cell-mediated cytotoxicity an-
tibodies to HSV appear to influence both the severity of in-

FIG. 1. Since human recombinant MAb HSV8 is directed to a discontinuous determinant, epitope mapping was carried out by competition with known antibodies
in two ELISA configurations. The y axis represents optical density (O.D.). (A) With known MAbs in a competition capture ELISA, HSV8 (black bars) was clearly
capable of recognizing HSV-1 gD immunoadsorbed from a total viral lysate with a group VII anti-gD antibody (H170); conversely, HSV8 could not detect gD
specifically immunoadsorbed with group I MAbs (DL11, HD1, and III-174). Rabbit polyclonal anti-HSV-1 serum (RAB) was used as a positive control in the same
format in place of HSV8 (black bars); anti-gB antibody MAb 1105 was used as a capture antibody as a negative control (rightmost part of panel A). (B) In a direct
(noncapture) ELISA experiment using immobilized total HSV-1-infected cell lysate as a source of antigen, HSV8 blocked detection of gD by a group I antibody
(III-174) but not by a group VII antibody (H170). These observations suggest that HSV8 is a group I human MAb.

FIG. 2. Epitope mapping of human recombinant MAb HSV8. While all
group I antibodies react with a 1-to-306 and a 1-to-275 fragment of gD, only
subgroup Ia antibodies react with a 1-to-234 truncation. HSV8 detected recom-
binant gD truncations 1 to 306 and 1 to 275 in slot blots but not fragment 1 to
234, consistent with a subgroup Ib assignment. Subgroup Ia antibody HD1,
subgroup Ib antibody LP11, and MAb H170, specific for the continuous group
VII antigenic site, were used as controls.
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fection and the likelihood of transmission (38, 45, 48). For
instance, the incidence of neonatal herpes is 1 order of mag-
nitude higher (30 to 50%) in neonates born vaginally to moth-
ers with primary infections than in neonates born to mothers
with recurrent infections, who could transfer protective anti-
bodies to the fetus (1 to 3%) (23). Therefore, it seems reason-
able to expect that passive immunization could play a role in
the prophylaxis and therapy of HSV infections in newborns,
especially since antiherpetic chemotherapy during early devel-
opment and in newborns should never be considered risk free
(17). Beside the prevention of vertical transmission of HSV,
human recombinant antibodies could be useful in preventing
horizontal transmission of HSV in cases in which a sexual
partner is infected with HSV-2; in rape cases; among contact
sport athletes, such as wrestlers (herpes gladiatorum); etc.

HIV-infected individuals and individuals immunodepressed
for other pathologic or iatrogenic reasons often exhibit exten-
sive indolent HSV lesions (43). Although antiherpetic chemo-
therapy proved highly effective in the immunocompetent,
significant unique problems may be encountered in immuno-
depressed patients (43). These include higher toxicity (43) and the
emergence of drug resistance (8). In one study, the incidence of
acyclovir resistance in HSV-1 and -2 isolates exceeded 20%
among individuals exposed to the drug, while clinical strains iso-
lated before acyclovir therapy are rarely resistant (36). Resistance
to both vidarabine and foscarnet has also long been known
and is not infrequently encountered in immunodepressed
patients receiving treatment with these drugs (3, 8, 39, 49).
The emergence of drug-resistant HSV strains in the immu-
nocompromised often correlates with treatment failure and
high morbidity and mortality (7, 35, 43). Novel antiherpetic
drugs are available and being tested. None, however, is
potentially resistance free, and the possibility of multiple
drug resistance limits the potential of combined therapy
with the currently available chemotherapeutic drugs (8, 19).
Although passive immunization has traditionally been con-
sidered mostly a prophylactic measure, it is reasonable to
believe that it could be beneficial, possibly in combination
with antimicrobial drugs, in cases in which active immunity
cannot be elicited, such as in the immunocompromised. In
addition, immune therapy with human MAbs could be com-
bined with chemotherapy with no risk of developing cross-
resistance because of their completely unrelated mecha-
nisms of action. In HIV-infected patients and in patients
with primary immunoglobulin deficiencies, even passive im-

munotherapy with sera from normal, healthy individuals
proved beneficial in limiting HSV morbidity (31, 44).

Immunoglobulins of human origin have been employed for
several years in clinical practice, and such a large body of
experience suggests that they can be administered with a high
degree of safety and that the benefits largely outweigh the risks
(14, 44). Replacement therapy for patients with agammaglob-
ulinemia has provided an opportunity to evaluate even very
high doses of polyclonal human IgG for adverse reactions. In
these patients, while adverse reaction were not infrequently
seen with intramuscular preparations and even with early in-
travenous preparations, with newer intravenous formulations
introduced in the 1980s, only very mild reactions are occasion-

FIG. 3. Inhibition of syncytium formation by human recombinant MAb HSV8. (A) Large areas of syncytium are apparent after infection of Vero cell monolayers
with fusion-inducing strain HSV-1(HFEM)syn at an MOI of 1. (B) At a concentration of 8 mg/ml, HSV8 was effective in completely abolishing syncytium formation.

FIG. 4. Syncytial inhibition as a function of HSV8 concentration. Vero cell
monolayers were infected with fusion-inducing strain HSV-1(HFEM)syn at an
MOI of 0.001 so that the number of cells contributing to individual syncytium
foci could be determined by counting of DAPI-stained nuclei. A statistically
significant syncytium size reduction of about 40% was observed at 2 mg/ml (P ,
0.05, Scheffe F test, following significant analysis of variance), and a reduction of
about 70% was seen at 4 mg/ml (P , 0.01). At the higher concentrations tested
(8 and 16 mg/ml), syncytium formation was completely prevented.
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ally encountered, which only exceptionally require interruption
of administration (44). The number one risk associated with
the use of human immunoglobulins in human therapy is their
potential contamination with viruses or other infectious agents.
Such a risk is much lower for recombinantly generated MAbs
than for immunoglobulins from pools of donors. The most
desirable immunoglobulin preparations for human therapy are
specific human MAbs or cocktails of human MAbs with excep-
tional protective qualities. These are theoretically almost de-
void of untoward effects when administered either alone or in
combination with other drugs. Human MAbs or cocktails of
human MAbs are also more desirable than polyclonal sera,
since protective antibodies may be only a minor component in
the natural host response and because infection-enhancing an-
tibodies are often present in polyclonal sera (discussed in ref-
erence 32). The use of human antibodies either chronically or
in a repeated fashion may theoretically induce the emergence
of anti-idiotypic and antiallotypic antibodies; however, the oc-
currence of serum sickness-like adverse reactions of the sort
seen with animal sera in sensitized individuals has never been
reported with human immunoglobulins. The emergence of low
levels of antiallotypic antibodies has been reported after re-
peated administration of human-mouse chimeric antibodies,
but with no severe clinical consequence (21). The conse-
quences of the possible emergence of anti-idiotypic antibodies
are difficult to predict and deserve close monitoring. In this
regard, it has been reported that while human antimouse an-
tibodies directed to murine IgG1 isotypic determinants re-
sulted in rapid clearance of the administered murine antibody
from the circulation and in loss of treatment efficacy, (i) levels
of the transferred antibodies in the serum of patients who
developed only anti-idiotypic antibodies and (ii) therapeutic
efficacy were unaffected (42).

The importance of antibodies in recovery and in the preven-
tion of infection and reinfection is widely accepted. However,
while high neutralization rates, potency, and efficacy may be
beneficial in prophylaxis, the specific contribution of neutral-
ization has been a subject of debate (12). In most cases, how-

ever, a strong correlation between in vitro neutralization and in
vivo protection was observed, supporting a role for neutraliza-
tion in vivo (reviewed in reference 12). In the case of HSV,
antibodies that are protective in in vivo experimental models
are usually characterized by high potency in neutralization
assays and effectiveness in limiting cell-to-cell viral spread in in
vitro paradigms (15, 33). In clinical studies, high levels of both

FIG. 6. Neutralization of low-passage clinical isolates by human recombinant
MAb HSV8. Fab HSV8 efficiently neutralized low-passage clinical isolates of
HSV types I and II with an average of 50% inhibition at about 100 ng/ml and an
average of 80% inhibition at about 200 ng/ml. These concentrations are compa-
rable to those required for HSV8 neutralization of laboratory strains of HSV-1
and -2. The clinical localizations of lesions from which viruses were isolated were
the following: E and ■, lip (cold sore); F, gingivostomatitis (serotype I); h,
foreskin; Œ and ‚, vagina (serotype II).

FIG. 5. Neutralization kinetics of human recombinant MAb HSV8. Plots of neutralization kinetics at 37°C (A) and at 33°C (B) (note that the ordinate in panel A
spans 3 logs while the ordinate in panel B spans 2) are shown. Fab HSV8 was incubated with HSV-1 strain F at the concentrations indicated (3 mg/ml at 37°C and 2,
6, and 18 mg/ml at 33°C), and the residual infectivity (V/V0) over time was determined by plaque assay. Straight kinetic profiles intercepting the ordinates at the origin
were obtained when the log10 of V/V0 was plotted against time. Such linear plots are indicative of first-order kinetics. The plots obtained with 3 mg/ml at 37°C (A) and
with 18 mg/ml at 33°C (B) show a slight initial dip that departs from the theoretical linear profile. This is commonly seen when this technique is used at higher antibody
concentrations and/or temperatures and may be an artifact of the rapid initial mixing of the antibody-virus mixture. (C) When the slopes of the lines obtained at 33°C
at the three different concentrations were plotted against the log10 of the antibody concentrations, a straight line passing through the origin was obtained; this is also
indicative of first-order kinetics. The neutralization rate constant (6 the standard error) was calculated to be 1.9 (6 0.4) 3 105 M21 s21 (from two independent
experiments).
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neutralizing antibodies and antibodies capable of eliciting an-
tibody-dependent cell-mediated cytotoxicity have been shown
to positively affect the severity of perinatal HSV infections in
humans (23, 38, 48). Recurrences, however, are often seen
despite the presence of neutralizing antibodies in the serum
(27). This could be due to a number of factors. A crucial
protective role may be played by a limited number of epitopes;
protective antibodies against certain viral pathogens may be
present only as a minor component of the natural immune
response, while infection-enhancing antibodies may also be
present; and lastly, a combination of antibody-mediated anti-
viral activities against both cell-free virus and cell-associated
virus may be important in vivo. These may include nonlytic
mechanisms which may be especially important in neurotropic
virus infections (25, 26). In this regard, HSV8 demonstrated
potent activities against cell-associated virus in a syncytium
inhibition assay (Fig. 4) and in a plaque development inhibi-
tion assay (4), which are two in vitro models likely to be
relevant to cell-to-cell virus spread in vivo. The antibody con-
sistently, dramatically, and significantly prolonged survival
times in vivo, when administered systemically up to 24 h postin-
fection, a time when the virus had already reached the periph-
eral nervous system (40).

Continuous epitopes on gD are grouped into three type-
common groups (II, VII, and XI) and one type-specific group
(V), while MAbs to discontinuous epitopes are grouped into
four groups, I, III, IV, and VI, the former two being type-
common determinants (15, 33). Two antigenic sites, I and VII,
on gD elicit antibodies with potent protective properties (33).
By use of an ELISA-based competition assay, we have shown
that HSV8 can be competed by group I MAbs to gD (Fig. 1).
Group I MAbs recognize epitopes within a highly conserved
type-common antigenic site, have high complement-indepen-
dent neutralization titers, are effective in passive immunization
in animal models, and inhibit virus penetration, and some also
inhibit cell-cell fusion by syncytium-inducing strains (15, 33).
Consistently, HSV8 was capable of efficiently neutralizing low-
passage clinical isolates of both serotypes (Fig. 6) and inhibited
cell-cell fusion by a fusogenic strain of HSV-1 (Fig. 3 and 4),
and we previously showed that it is effective in murine models
of HSV infection both topically and systemically (40, 50).
Group I epitopes can be further classified as Ia or Ib on the
basis of the induction of specific neutralization escape muta-
tions and reactivity to gD deletion mutants and gD truncations
(33). We classified HSV8 as a subgroup Ib epitope on the basis
of gD truncation recognition (Fig. 2). To our knowledge, the
isolation of no other human group I MAb has been reported to
date. Other human MAbs obtained with nonrecombinant ap-
proaches have been assigned to antigenic group III (reviewed
in reference 31). Antibodies tentatively assigned to group III
have also been molecularly isolated by phage display technol-
ogy (our unpublished data and reference 41).

We also investigated the kinetics of HSV8 neutralization. In
standard neutralization kinetic plots, HSV8 exhibited profiles
extrapolating through the origin without an initial lag (Fig. 5).
These plots are consistent with an apparent first-order neutral-
ization reaction. The HSV8 neutralization rate constant (k
value) was calculated to be in the range of 105 M21 s21. The
HSV8 neutralization rate constant was higher than those of
several potent HSV-neutralizing MAbs tested for comparison,
although highly protective MAb III-174 had a very comparable
k value (see above). k values in the range of 106 M21 s21 or
higher were reported only for a few antibodies against other
viruses; examples are an anti-poliovirus mouse MAb (20) and
a mouse MAb to influenza virus type A hemagglutinin (12).
The basis of the neutralization kinetic plot is still controversial

and likely to be complex (11, 13). However, it is generally
accepted that, in practical terms, (i) antibodies that, like
HSV8, neutralize without an initial lag are more desirable for
therapy than antibodies with similar potency but which do not
reduce viral infectivity immediately and (ii) antibodies with
higher neutralization rate constants are more desirable for
clinical use (29). If prevention of infection by neutralizing
antibodies is viewed as “a race between neutralization and
escape of the virus particle from neutralization by entry into a
host cell” (29), the importance of these factors becomes ap-
parent. Therefore, the potential of HSV8 to be clinically ef-
fective is strengthened by the observations that it displayed
apparent first-order kinetics and a neutralization rate constant
higher than or comparable to that of potent anti-HSV neutral-
izers.

In conclusion, HSV8 was found to recognize a highly con-
served antigenic site on gD known to induce highly protective
type-common humoral responses. It was also found to inhibit
cell-cell fusion by a syncytium-inducing HSV-1 strain and to
neutralize by apparent first-order kinetics. Lastly, HSV8 effi-
ciently neutralized low-passage clinical isolates of both sero-
types. Taken together with our earlier observations of HSV8
effectiveness in passive immunization paradigms (40, 50), the
present observations support the high therapeutic potential of
this human recombinant antibody.
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