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Abstract

The role of antibody in neonatal herpes simplex virus (HSV)
infection remains controversial. A battery of well-character-
ized monoclonal antibodies to HSVglycoprotein B (gB), and
polyclonal antibodies against synthetic peptides of predicted
epitopes of HSVglycoprotein D (gD) were used to determine
in vitro functional activity and association with protection
against lethal infection in a murine model of neonatal HSV
disease. Antiviral neutralization activity of HSVwas not asso-
ciated with antibody-dependent cellular cytotoxicity (ADCC)
activity to HSV-infected cells in vitro. In a model of high dose
challenge (104 PFU), protection was not afforded by any anti-
body alone, but was by antibody plus human mononuclear
cells, and highly associated with ADCCfunctional activity (P
< 0.001). In a low dose challenge model, neutralizing activity
of antibody alone was associated with protection in vivo (P
< 0.001). Of the nine neutralizing epitopes of gD in vitro, eight
were predicted surface regions. Four of the five epitopic sites of
gD (2-21, 267-276, 288-297, and 303-312) that were deter-
mined to be important targets of ADCCand in vivo protection
were also predicted to be surface regions. The only exception
was the antiserum to region 52-61 which was predicted to be
buried and also showed these activities. ADCCas well as neu-
tralizing antibody activity are important in protection against
neonatal HSVinfection. (J. Clin. Invest. 1990. 86:273-278.)
Key words: herpes simplex * antibody-dependent cellular cyto-
toxicity

Introduction

Neonatal herpes simplex virus (HSV)' infection remains a
devastating illness with increasing incidence (1, 2). The immu-
nologic defects which predispose the neonate to severe HSV
infection continue to be defined (for review see references 3,
4). One of the most controversial areas remains the role of
antibody in protection against neonatal HSVinfection, and in
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tein D; HSV, herpes simplex virus; MC, mononuclear cells.

particular, if protective, the functional activity most closely
associated with protection. Wehave previously used a murine
model of neonatal HSV infection to study the human and
murine neonate's cellular response to infection (5-1 1). We
have now used this model to examine the function of several
batteries of well-characterized antibodies. These include mu-
rine monoclonal antibodies (MAb) to HSV-1 glycoprotein B
(gB) and glycoprotein C (gC) and rabbit polyclonal antibodies
to synthetic peptides representing various segments of HSV- I
glycoprotein D (gD). Wehave shown a close association be-
tween antibody-dependent cellular cytotoxicity (ADCC) anti-
body activity in vitro and protection in vivo in combination
with human leukocytes in a high viral dose challenge model. In
a low dose challenge model antiviral neutralizing activity as-
sumes importance in the absence of exogenous leukocytes. We
have also identified functionally important epitopic domains
of gD as targets of ADCCand in vivo protection against infec-
tion.

Methods

Monoclonal antibodies and antibodies to synthetic peptides. The
monoclonal antibodies to HSVgB were produced against HSV-I (F),
HSV-2(g), or immunoaffinity purified HSV-lgB and characterized as
previously reported in detail (12, 13). All the MAbs used were to
continuous epitopes on HSV-I gB except H126-5 and HI 57-1 (13).

Antibodies to synthetic peptides of HSV-1 gD were generated in
rabbits to 10 different peptides of 10-residue segments (9 peptides) and
a 20-residue segment (1 peptide) conjugated with carrier protein key-
hole limpet hemocyanin as described in detail (14). The peptides were
chosen for high probability of exposure on the gD molecule surface as
predicted by algorithm Surfaceplot (14).

Virus. The virus used in ADCC, neutralization, and animal chal-
lenge experiments was HSV-1, strain HE previously isolated in the
laboratory of Dr. Andre J. Nahmias (Emory University, Atlanta, GA)
from a neonate with disseminated infection.

Neutralization assay. Neutralization assays were performed as pre-
viously reported (10) with HEstrain (unless specified) by incubation of
the dilution of antiserum or MAbto be tested with - 50 PFUof virus
in minimal essential media (Hazleton Research Products, Denver, PA)
supplemented with penicillin (50 U/ml; Gibco Laboratories, Grand
Island, NY), streptomycin (50 gg/ml; Gibco Laboratories), L-gluta-
mine (1.5%; Gibco), and heat-inactivated FCS (10%; Hazleton Re-
search Products; supplemented minimal essential media, MEM)for 1
h at room temperature. The resultant mixture was adsorbed on Chang
liver cell monolayers for 1 h, and overlayed with MEMplus 1.5%
methylcellulose. Plaques were enumerated 3 d later after formalin
fixing, with crystal violet staining. The neutralization titer was that
resulting in 50% or greater reduction of PFU.

Humanleukocyte preparation. All experiments using human blood
were reviewed and approved by the appropriate institutional Commit-
tee for the Protection of Human Subjects. Heparinized (10 U/ml,
sodium heparin; Elkins-Sinn, Inc., Cherry Hill, NJ) blood was pro-
cessed by sequential dextran (Sigma Chemical Co., St. Louis, MO)
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sedimentation and Ficoll-Hypaque (Pharmacia Fine Chemicals, Pis-
cataway, NJ) centrifugation as previously described (15). Mononuclear
cells (MC) in the interface layer were washed three times in HBSS
(Hazleton Research Products) and suspended in MEM.

Antibody-dependent cellular cytotoxicity assay. As previously re-
ported in detail (16), ADCCwas performed using Chang liver cells
infected the day before use with HSV-l (HE strain, MOI - 1). These
target cells were then labeled with radioactive sodium chromate (New
England Nuclear, Boston, MA) and used in the cytotoxicity assay at a
concentration of 2.5 X 104 cells/ml (or 5 X 103 cells/microtiter well;
U-bottom well microtiter plates; Cooke, Alexander, VA). Effector cells
were human MCpurified as described above. Effector cells were used
at an effector to target cell ratio of 30:1 (1.5 X 105 MC/microtiter well).
Antiserum or MAbwas added to result in the desired final concentra-
tion, and the mixture (final volume 0.2 ml) was incubated for 18 h at
370C in an atmosphere of 95% air and 5%CO2.

To determine the amount of 5'Cr released from the target cells, 100
,l was aspirated from the top of each well without disturbing the cell
button. To each well 100 lil of 1 MNaOHwas added and the total
volume aspirated into a separate container. Each sample was counted
in a gammacounter (model 4,000; Beckman Instruments Inc., Palo
Alto, CA) for 1 min. Chromium-5 1 release was calculated according to
the following formula:

2A
Cr release = A+B x 100,

where A = counts per minute (cpm) in the top 100 gl, and B = cpm in
the bottom 100 AI1 to which NaOHwas added. ADCCwas calculated
as:

t5'Cr release ofeft%5ftCr release of
target cells + effector target cells + effectr
cells + test antibody - cells + nonimmune sera]

%ADCC= - 100- r-51Cr release of x 100.
target cells + effector
cells + nonimmune sera

Each assay was performed in triplicate with SDof < 10%. The sponta-
neous 18-h 'Cr release of target cells in the presence of immune or
nonimmune serum was 29.3±7.4%. Sera or MAbmediating 10% or
more ADCCactivity are highly significant for anti-HSV ADCCactiv-
ity (9).

Mouse protection model. As previously reported (5, 6) the murine
protection model was performed using l-wk-old C57BI/6 mice
(Timco, Houston, TX), injected i.p. with 5 X 106 human MCsus-
pended in MEMplus the desired concentration of serum or MAbin a
final volume of 0.1 ml. The following day the animals were inoculated
with 104 PFU of HSV-l (HE strain, > 100 LD50 for l-wk-old C57BI/6
mouse) in a volume of 0.1 ml unless otherwise specified. The animals
were observed for survival for 21 d. All animal experimentation was
carried out in accordance with the National Institutes of Health animal
care guidelines, and review and approval of the appropriate institu-
tional animal care committee.

All animal experiments were performed in a blinded fashion in that
the technician injecting the mice with various antibodies had no
knowledge of which antibody or control he was using. The code was
broken only after the animal survival rate was apparent.

Statistical analysis. Comparison of the significance of differences
of antibody titers was performed by Student's two-tailed t test. Com-
parison of survival of animals was tested by the x2 analysis.

Results

Activity of rabbit antisera to HSV-J glycoprotein D synthetic
peptides. In Table I, the neutralizing, ADCC, and in vivo pro-
tective activities of the anti-HSV- 1 gD peptide antisera are
summarized. All antisera tested displayed some neutralization
activity against HSV- 1 HE strain. All those antisera with neu-
tralization activity of 1/200 or greater also neutralized HSV- 1

Table I. Activity of Rabbit Antisera to HSVGlycoprotein D
Synthetic Peptides

In vivo protections
Antisera to

synthetic peptide Neutralization* ADCC$ +MC Alone

n (%) n

2-21 1:200 (1:25) 10-3 14/21 (67) 0/7
52-61 1:50 (ND) 10-3 4/7 (57) 0/7

267-276 1:100 (1:50) 10-2 4/7 (57) 0/7
288-297 >1:200 (1:25) lo-3 5/7 (71) 0/7
303-312 1:100 (NN) 10-3 6/7 (86) 0/7

12-21 >1:200 (1:25) 0 0/14 (0) 0/7
63-72 ND(ND) 0 0/7 (0) 0/7

121-130 1:50 (NN) 0 0/21 (0) 0/7
206-215 1: 100 (NN) 0 0/7 (0) 0/7
314-323 1:200 (1:25) 0 0/7 (0) 0/7

* Neutralization titer to HSV- 1 HEstrain. The numbers in parenthe-
sis are titers to HSV- 1, KOSstrain as previously reported (14). ND,
not performed; NN, nonneutralizing.
ADCCtiter to HSV- l-infected Chang liver cells.
Protection in the presence of human mononuclear cells (5 X 106/

mouse +MC) or without cells (alone) of 7-d-old mice given 0.1 ml
i.p. of 10-2 dilution of antisera, challenged 1 d later with 104 PFU of
HSV- I i.p. Numbers are survivors divided by total challenged, and
numbers in parenthesis are percent survival.

strain KOS. Those with titers of 1/100 or less had no neutraliz-
ing activity against strain KOSwith the sole exception of the
antiserum to peptide 267-276 (Table I). There was a clear
delineation between a group of antisera that mediated ADCC
in vitro and those unable to do so. There was no difference in
the neutralization titers against HSV-1 HE in the ADCC-ac-
tive group (geometric mean titer 1/115) and the ADCC-inac-
tive group (geometric mean titer 1/1 17, P> 0.05 by unpaired t
test). Each group contained antisera that failed to neutralize
HSV- 1 KOSstrain (Table I).

Since the ADCCtiters were relatively low compared to sera
against whole virus (6), a relatively low dilution of antisera
(10-2) was chosen to be used in the in vivo protection model.
The antisera alone were completely ineffective in preventing
lethal neonatal HSVinfection (no survivors using any of the
antisera, Table I). In sharp contrast, when the antisera was
injected in combination with 5 X 106 human MCbefore viral
challenge, there was obvious protective activity of five antisera
(57-86% survival). All animals receiving media or MCalone
died (data not shown). As can be seen from Table I, all antisera
able to mediate protection were in the group that mediated
ADCCin vitro. All antisera which were not protective in vivo
in combination with MCcould not mediate ADCC. The cu-
mulative survival mediated by the ADCC-positive antisera in
combination with MC(33/49, 67%) was highly significantly
different (P < 0.001, Chi-square test) than that mediated by
the ADCC-negative antisera (0/56, 0%).

To determine if there were protective effects of neutralizing
activity in the absence of added MCthat could not be dis-
cerned at high virus challenge doses (104 PFU) but might be
more obvious at lower doses (102, 103 PFU) a series of experi-
ments were performed using these lower viral challenge doses
(Table II). Since there was no difference in survival of animals
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Table IL Protection by Rabbit Antisera to HSVGlycoprotein D
Synthetic Peptides against a Small Challenge Dose
of HSVin Mice

Low neutralization* High neutralizationt

Antisera to Antisera to
synthetic peptide Survivals synthetic peptide Survivals

n (%) n (%)

52-61 9/14 (64) 2-21 12/14 (86)
267-276 8/14 (57) 12-21 14/14 (100)
303-312 14/14(100) 288-297 14/14(100)
121-130 13/14 (93) 314-323 14/14 (100)
206-215 3/14 (21)

Total 47/70 (67) 54/56 (96)

* Low neutralization sera mediated in vitro neutralization at titers of
1/50 or 1/100.
t High neutralization sera mediated in vitro neutralization at titers of
1/200 or greater.

0 Number of survivors divided by total number of challenged mice
receiving 0.1 ml i.p. of 10-2 dilution of antisera I d before i.p. inocu-
lation with 102 PFU (one litter of seven animals) and 103 PFU(one
litter of seven animals) of HSVin each group. Numbers in parenthe-
ses are percent survival.

receiving the 102 or 103 PFUchallenge, the data are combined.
There was a highly significant difference between survival me-
diated by antisera with neutralizing titers of 1/200 or greater
(96%), compared to those with lower titers (67%, P < 0.001,
Chi-square test). Two of the four high neutralizing antisera had
no ADCCactivity (anti-12-21, anti-314-323). The mortality
in mice receiving no antibody with the low challenge dose was
100% (0/20 survivors).

Thus it appears that in the neonatal murine model involv-
ing a high dose of virus, the participation of exogenous leuko-
cyte effector cells, and the ADCCantisera activity is critical. In
a low-dose challenge model in which exogenous leukocytes are

Table III. Activity of Murine Monoclonal Antibodies
to HSVGlycoprotein B

In vivo protection of MAO,

Mab Neutralization* ADCCt +MC Without MC

n (%) n

H 1394-1 - 10-2 7/7 (100) 0/8
H 1385-12 - l0-4 7/7 (100) 0/8
H 1396-7 + 10-2 4/7 (57) 0/8
H 126-5 + l0-3 0/7 (0) 0/8
H 336-1 - 0 0/7 (0) 0/8
H 1359-1 - 0 0/7 (0) 0/8
H 1399-6 - 0 0/7 (0) 0/8
H 157-1 - 0 0/7 (0) 0/8

* Neutralization activity as previously published (13).
t ADCCtiter to HSV-l-infected Chang liver cells.
§ Protection in the presence or absence of human mononuclear cells
(5 X 106/mouse) of mice given 0.1 ml of 1O-2 dilution of MAb, chal-
lenged I d later with 104 PFUof HSV- I i.p. Numbers are survivors
divided by total challenged, and numbers in parentheses are percent
survival.

not necessary, the neutralizing activity of the antisera are im-
portant, while the ADCCactivity is not relevant.

Activity of murine monoclonal antibodies to HSVglyco-
protein B. To confirm the importance of ADCCfunctional
activity of antibodies in a high challenge dose protection
model, a battery of MAbto HSVgB were used (Table III). As
seen with the antisera to gD oligopeptides (Table I), no protec-
tion was mediated by a 10-2 dilution of MAbalone. In the
presence of human MC, three of four MAbwith ADCCactiv-
ity mediated protection. MAbH126-5 was the sole exception
and, of interest, had neutralizing activity and also was the only
ADCC-active MAbagainst a discontinuous gB epitope. Two
of the three protective MAblacked neutralizing activity.

None of the MAbunable to mediate ADCCcould mediate
protection in combination with MC. The difference in cumu-
lative survival mediated by ADCC-active MAb(18/28, 64.3%)
compared to those without ADCCactivity (0/28, 0%) was
highly significant (P < 0.0001, Chi-square test). Thus as seen
with antisera to gD synthetic peptides, the in vitro ADCC
activity and not neutralization activity was associated with
protection when combined with human MCin a high chal-
lenge dose model of neonatal HSVinfection.

Activity of murine monoclonal antibodies to HSVglyco-
proteins D and C. A small battery of MAbto glycoprotein D
and C were obtained to further substantiate our results (12,
17). These were screened using one dilution of MAb(10-2) and
those reactive in vitro in ADCCwere used in the neonatal
model of high viral challenge dose (Table IV). The MAbthat
mediated ADCCin vitro provided significant protection in
vivo, as seen with the anti-gB MAb and anti-gD synthetic
peptide antisera (Table IV). No protection was provided by
MAb alone in these assays. A MAb to gB which failed to
mediate ADCC(3S, kindly provided by Dr. Zwieg, NCI, 0%
ADCC) also failed to provide protection.

The four MAbs that mediated ADCCand were protective
were all of the IgG2a subclass, as was the 3S MAb. They were
all neutralizing as previously reported (12, 17).

Discussion

The role of antibody regarding protection against neonatal
HSVinfection remains controversial. In animal studies, high

Table IV. Activity of Murine Monoclonal Antibodies
to HSVGlycoprotein Cand D

MAb* Glycoprotein Neutralization* ADCC In vivo protection"

n (%)

HCl C + 34.0±6.1 6/7 (86)
19S C 1:25 13.0 6/8 (75)
HDI D + 46.0±16.2 8/14 (57)
4S D 1:25,600 22.7±5.8 18/24 (75)
3S B 1:800 2.7±2.7 1/8 (12.5)

* MAbHCI and HDI were generated in the laboratory of Dr. Per-
eira as previously described (12), and 19S, 4S, and 3S were gener-
ously provided by Dr. Martin Zweig, National Cancer Institute (17).
t Neutralizing activity was as previously reported (12, 17).
§ ADCCactivity was tested at a 10-2 dilution in vitro.
1l in vivo protection was tested in combination with 5 X 106 MC
using MAbat a 1-2 dilution.
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concentrations of antibody have been shown to protect against
viral challenge when low doses of virus were used (18-23). Our
data with low dose viral challenge (Table II) confirms that
antibody alone can be protective in high concentration, and
protection was generally associated with neutralization activ-
ity. This association, though highly statistically significant was
not perfect in that several antisera with relatively low neutral-
ization activity in vitro (e.g., anti-303-312, anti- 121-130)
were highly protective in vivo. It is possible that other func-
tional activity as antibody complement neutralization or cy-
tolysis, or viral opsonophagocytotic capacity may also be of
importance.

In the human neonate the role of transplacental neutraliza-
tion antibody has been particularly controversial (24-30). Our
neonatal murine model of adoptive transfer involves an
ADCCeffector deficient host (31) as is the human neonate
(32). In this model of uniformly lethal HSV infection due to
large viral doses, protection could not be mediated by antibody
alone, but required exogenous leukocytes as well implicating
ADCCas a critical mechanism of protection (6). Cells with
poor ADCCeffector function in vitro, as those from patients
with the leukocyte adhesion defect (LFA-1, Mac-I defect), or
from human neonates, also failed to mediate protection in this
model (5, 33). Wehave now conclusively demonstrated that in
this model, ADCC-active antibody (either MAbto gB, gC, gD,
or antisera to synthetic peptides of gD) is highly associated
with protection (Tables I, III, and IV). It is of interest that the
single ADCC-active nonprotective MAb (H1126-5, Table III)
was to a discontinuous gB epitope.

In this high challenge dose model neutralization function
was not associated with protection. These data supporting the
role of ADCCas well as neutralizing antibody are in agree-
ment with our recently published sero-epidemiologic study in
human infants with neonatal HSVinfection (34). Both ADCC
and neutralization titers in the mothers or neonates were asso-
ciated with the severity of infection in the neonate. High
ADCCtiters (neonatal titers over lo-3) were associated with
the absence of disseminated disease. In these clinical situations
the viral challenge dose is unknown.

In addition to implicating the functional mechanisms of
protection induced by exogenous antibodies, the current stud-
ies help resolve the controversy surrounding the protective
effects of anti-HSV MAbs. It has been shown that MAbreac-
tive with infected cells but not virus could promote recovery
from HSVinfection (35). With some exceptions (36) neutraliz-
ing activity of MAbshas been shown to be unrelated to their in
vivo protection in animal models (35, 37-40). When tested,
protection correlated with ADCCfunction (35, 37, 38). In the
study of Rector et al. (41) one of the four MAbs that was
protective in vivo failed to neutralize virus or mediate ADCC
when using murine peritoneal effector cells. We have con-
firmed the lack of ADCCactivity of this MAbin our in vitro
ADCCassay using either murine or human effector cells. This
MAb was not protective in our neonatal mouse system in
combination with human MC(data not shown). Its protective
activity in adult mice remains to be understood.

The results using MAbto gB, gC, and gD and antisera to
specified peptides of gD (Table I) confirm the role of these
three major HSV glycoproteins as important ADCCand in
vivo targets of the immune system regarding antibody-me-
diated protection. These extend the results of previous studies

using poly-specific antibodies (42, 43) and small batteries of
MAb(35, 37).

The data involving polyclonal sera to 10 different synthetic
peptides of gD (Table I) allow for preliminary comments re-
garding ADCCepitopes. In the rabbit each of these peptides
was immunogenic with appropriate carrier protein coupling
(14). The peptide encompassing residues 2 to 21 was found to
be comprised of at least two epitopes. One of these lies within
the sequence 12 to 21, which by itself elicits antibodies capable
of neutralizing virions in the absence of complement (14).
Peptide 2 to 21 retains the ability to generate complement-in-
dependent neutralizing antibody and in addition elicits the
production of rabbit antibodies which neutralize virus very
efficiently in the presence of complement (14). These results
are compatible with those obtained by Cohen et al. (45), who
demonstrated that rabbits immunized with synthetic peptide
8-23 developed HSV-l-neutralizing antibodies and that this
determinant was the immunodominant determinant of HSV
type 1 gD (44-48). In addition, DeFreitas et al. (44) have
shown that human T lymphocyte response in vitro was local-
ized to a 16-residue region in the NH2-terminal sequence of
1-23 and that the synthetic peptide 12-23 was nonstimula-
tory.

The results of this study demonstrate that the antisera to
2-21 neutralize in vitro, have ADCCactivity and provide in
vivo protection in the presence of antibody and human mono-
nuclear cells. In contrast, the synthetic peptide 12-21 anti-
serum demonstrated neutralization activity in vitro but failed
to elicit in vitro or in vivo ADCCantiviral activity (Table I).
Thus, the epitope responsible for ADCCactivity appears to
require, like the T cell stimulatory activity and complement-
dependent neutralizing activity, the NH2-terminal region
1-12. Interestingly, complement-dependent neutralization ac-
tivity and ADCCactivity are not always elicited by the same
epitope. For example, antiserum to peptide 267-276 showed
ADCCactivity (Table I), the strongest complement-indepen-
dent neutralization activity and no complement dependent
activity ( 14).

The sequence 52-61 was predicted to be a nonepitopic site
for surface expression and antiserum to this synthetic peptide
did not bind to HSV-1 virions (KOS strain) (14). However,
this study showed that this same antiserum had neutralization
activity with the HSV-1 HEstrain (Table I), solid ADCCactiv-
ity in vitro, and mediated in vivo protection. Clearly, most
studies to date have concluded that the majority of potentially
neutralizing, immunogenic regions on an antigen are exposed
on the surface of the molecule (49, 50). However, there are
several examples in the literature which implicate a buried
region of an antigen can be immunogenic. For example, two
linear sites in the VPI coat protein of poliovirus induced a
significant (1:150-1:200) neutralizing response in rats and
rabbits, even though these regions have been shown by x-ray
crystallographic studies to be deeply buried in the interior of
the virion (51, 52). Analogous results and conclusions were
also found with the hemagglutinin protein of the influenza
virus (53), and with the protein myohemerythrin (54). The
ability of these buried peptides to induce an antiviral response
must arise from their exposure during'the immune response
and underlines the importance of understanding the dynamics
of the antigen/antibody binding mechanism at the molecular
level. An alternate explanation for the activity of antibodies to
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peptide sequence 52-61 of gD is that the prediction of it as a
buried region may be erroneous.

Thus while various predictive algorithms will help in the
identification of important viral epitopes, the final selection of
vaccine candidates must rely on empiric testing in appropriate
models. If provision of a vaccine to a high risk mother, or
antisera to a high risk neonate is to be effective in preventing
neonatal HSV infection, antigens which elicit functional
ADCCas well as neutralizing activity must be used.
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