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Herpes simplex virus type 1 (HSV-1) glycoprotein gE functions as an immunoglobulin G (IgG) Fc receptor
(Fc�R) that promotes immune evasion. When an IgG antibody binds by the F(ab�)2 domain to an HSV antigen,
the Fc domain of some of the same antibody molecules binds to the Fc�R, which blocks Fc-mediated functions.
gE is a type 1 membrane glycoprotein with a large ectodomain that is expressed on the virion envelope and
infected-cell surface. Our goal was to determine if immunizing with gE protein fragments could produce
antibodies that bind by the F(ab�)2 domain to gE and block the Fc�R, as measured by competitively inhibiting
nonimmune human IgG binding to the Fc�R. Three gE peptides were constructed in baculovirus spanning
almost the entire ectodomain and used to immunize mice and rabbits. Two fragments were highly effective at
producing antibodies that bind by the F(ab�)2 domain and block the Fc�R. The most potent of these two
antibodies was far more effective at blocking the Fc�R than antibodies that are only capable of binding by the
Fc domains to the Fc�R, including anti-gC, anti-gD, and nonimmune IgG. These results suggest that immu-
nizing with gE fragments has potential for preventing immune evasion by blocking activities mediated by the
HSV-1 Fc�R.

Viruses have evolved diverse immune evasion strategies to
survive in their natural hosts (43). HSV-1 encodes two glyco-
proteins, gC and gE, that target the humoral immune system
(24). gC binds complement component C3b and blocks pro-
perdin (P) and C5 binding to C3b (12, 14). gE forms a nonco-
valent heterodimer complex with glycoprotein I (gI) that func-
tions as an immunoglobulin G (IgG) Fc receptor (Fc�R) (8,
11, 18, 19). Interactions between gE and gI increase Fc binding
affinity because the gE/gI complex binds monomeric IgG,
whereas gE alone binds IgG complexes but not monomers (7).

We previously showed that an IgG molecule targeted at a
herpes simplex virus type 1 (HSV-1) membrane glycoprotein,
such as gC or gD, binds by its F(ab�)2 domain to the antigen,
while the Fc region of the same IgG molecule binds to the
gE/gI complex to form an antibody bridge (11). Through an-
tibody bridging, the Fc�R inhibits IgG Fc-mediated activities,
including C1q binding, antibody-dependent cellular cytotoxic-
ity, and IgG binding to mammalian Fc�R expressed on gran-
ulocytes (8, 45). Our studies to define the role of HSV-1 gE in
immune evasion demonstrated that a gE mutant virus that
does not bind IgG Fc is more susceptible to complement-
enhanced antibody neutralization and antibody-dependent cel-
lular cytotoxicity in vitro and is approximately 50-fold more
susceptible to antibody and complement in vivo (8, 30).

Glycoproteins gC and gE inhibit different steps of the com-
plement cascade; the former targets C3b, and the latter blocks
C1q binding. Together, these two glycoproteins inhibit the
complement cascade far more effectively than either alone,

both in vitro and in vivo (25). We previously reported that
blocking gC immune evasion domains reduces HSV-1 viru-
lence (20). Recently, antibodies to pseudorabies virus were
reported to block the pseudorabies virus Fc�R (44). We now
examined whether antibodies produced to gE can block IgG Fc
binding to the HSV-1 Fc�R. Three peptide fragments that
span almost the entire HSV-1 gE ectodomain were expressed
in baculovirus and used as immunogens. Antibodies produced
to two gE fragments blocked nonimmune human IgG binding
to the HSV-1 Fc�R. The blocking activity was mediated most
effectively by the anti-gE IgG F(ab�)2 domain; however, the Fc
domain also contributed to blocking.

Other human pathogens encode Fc�Rs, including HSV-2,
pseudorabies virus, varicella-zoster virus, cytomegalovirus, pro-
tozoa (schistosomes and trypanosomes), and bacteria (staphy-
lococci and streptococci) (2–5, 9, 10, 21, 23, 26, 32, 33, 37, 39,
41, 46). Therefore, exploring means to block functions medi-
ated by the HSV-1 Fc�R may have broad implications for
reducing virulence of many microbial pathogens.

MATERIALS AND METHODS

Cell cultures and virus strains. COS-1 cells were grown at 37°C in 5% CO2 in
an humidified incubator in Dulbecco’s modified Eagle’s medium supplemented
with 10% heat-inactivated fetal bovine serum, 20 �g of gentamicin per ml, and
20 mM HEPES (pH 7.3). Cells were infected with HSV-1 wild-type strain NS
(13). Virus pools were prepared with African green monkey kidney (Vero) cells.

Construction of bac-gE24-224, bac-gE225-398, and bac-gE24-409 viruses.
Baculoviruses bac-gE24-224, bac-gE225-398, and bac-gE24-409 were constructed
with ThermalAce DNA polymerase (Invitrogen Corp., Carlsbad, Calif.) PCR to
amplify gE amino acids 24 to 224, 225 to 398, and 24 to 409 from pCMV3-gE (1).
A six-histidine tag was incorporated into the 3� primer in front of a stop codon.
BamHI and PstI sequences were included on the 5� and 3� primers, respectively,
and the BamHI-PstI fragment was cloned into pVT-Bac with a rapid DNA
ligation kit (Roche Diagnostics, Indianapolis, Ind.) (42). This cloning strategy
placed gE24-224, gE225-398, and gE24-409 sequences immediately 3� of the
honeybee mellitin signal sequence and under the control of the baculopolyhedrin
promoter. Sf9 insect cells (Gibco-BRL, Grand Island, N.Y.) were cotransfected
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with pVT-Bac constructs and Baculogold DNA (PharMingen, San Diego, Calif.)
to produce bac-gE24-224, bac-gE225-398, and bac-gE24-409 viruses.

Purification and identification of gE24-224, gE225-398, and gE24-409. Bacu-
loviruses were grown in Sf9 insect cells for the first three passages and in H5
insect cells (Gibco BRL) to obtain higher yields of protein expression at passage
four. The supernatants from 150 ml of infected H5 cells were tested for protein
expression by Western blot and used for protein purification. The supernatant
fluids were passed through a nickel column (Qiagen Inc., Valencia, Calif.) and
eluted with 50 to 250 mM imidazole. The eluted fragments were concentrated
with an Ultrafree-15 centrifugal filter device (Millipore Corp., Bedford, Mass.),
and identified by sodium dodecyl sulfate–4 to 15% polyacrylamide gel electro-
phoresis (SDS-PAGE) with GelCode Blue Stain Reagent (Pierce). Samples of
the purified proteins were electrophoresed on SDS–4 to 15% PAGE, transferred
to a nitrocellulose membrane, and probed with a mouse monoclonal antibody
against the histidine hexamer tag, monoclonal antibody 1BA10, that recognizes

gE sequences between amino acids 103 and 120, or rabbit polyclonal antibody
R575 produced against gE amino acids 1 to 409 (1, 6, 30).

Immunizations with gE fragments. Five 8- to 9-week-old female BALB/c mice
(Charles River Laboratories, Wilmington, Mass.) were immunized intraperito-
neally with 10 �g of purified gE24-224, gE225-398, or gE24-409, and three mice
were injected with phosphate-buffered saline as controls. Complete Freund’s
adjuvant was used for primary immunizations and incomplete Freund’s adjuvant
for booster injections at intervals of 10 to 14 days. Serum was collected 2 weeks
after the third to fifth immunization. Two rabbits each were immunized with
purified gE24-224, gE225-398, and gE24-409 (Cocalico Biologicals, Inc., Reams-
town, Pa.), and serum was collected after the fourth to sixth immunization.

Preparation of rabbit IgG and F(ab�)2 fragments. Rabbit preimmune and
immune IgGs were purified through HiTrap protein G HP columns (Amersham
Biosciences AB, Uppsala, Sweden). IgG was purified from R118 anti-gC and
R122 anti-gD rabbit sera. These antibodies were produced by immunizing rabbits

FIG. 1. Potential mechanisms for blocking biotin-labeled nonimmune human IgG binding to the HSV-1 Fc�R (gE/gI). (A) In the absence of
competition, biotin-labeled nonimmune human IgG binds with its Fc domain to the HSV-1 Fc�R. (B) The anti-gE IgG F(ab�)2 domain binds to
gE and competes with biotin-labeled nonimmune human IgG for binding to the HSV-1 Fc�R. (C) Unlabeled nonimmune IgG competes with
biotin-labeled nonimmune human IgG for binding to the HSV-1 Fc�R. (D) Antibody bridging by IgG directed against another glycoprotein (shown
as gD) competes with biotin-labeled nonimmune IgG. The IgG F(ab�)2 domain binds to gD and the IgG Fc domain binds to the HSV-1 Fc�R.
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with baculovirus proteins comprising the ectodomains of HSV-1 gC (gC467t) and
gD (gD306t) (38, 40). IgG F(ab�)2 fragments were generated from IgG with
ImmunoPure F(ab�)2 preparation kits (Pierce, Rockford, Ill.) according to the
manufacturer’s instructions.

Antibody detection by ELISA. Purified gE24-224, gE225-398, and gE24-409
fragments were diluted to 2 �g/ml in Dulbecco’s phosphate-buffered saline
(DuPBS, pH 7.1), and 200 ng was used to coat Covalink NH 96 well-microtiter
plates (Nalge Nunc International, Naperville, Ill.). The coated plates were incu-
bated overnight at 4°C, and blocked for 2 h at 37°C with 5% (wt/vol) nonfat milk
in DuPBS. IgG samples were diluted to 2 �g/100 �l in DuPBS and 0.1% bovine
serum albumin. A 1:1,000 dilution of horseradish peroxidase-conjugated, affin-
ity-purified donkey anti-rabbit IgG (H�L) or sheep anti-mouse IgG (H�L)
(Amersham Life Science, Piscataway, N.J.) was prepared in DuPBS and 0.01%
bovine serum albumin. The reaction was developed by adding 1 mg of ABTS
per ml in buffer solution (Roche, Mannheim, Germany) for 10 min at room
temperature, and the optical density (OD) was measured at 405 nm with an
enzyme-linked immunosorbent assay (ELISA) plate reader (Dynatech, Chan-
tilly, Va.).

Flow cytometry assays to determine whether antibodies block IgG Fc binding
to HSV-1-infected cells. The assay included two components: first measuring
whether antibodies bind to HSV-1-infected cells, and then determining if the
bound antibodies block biotin-labeled nonimmune human IgG binding to the
HSV-1 Fc�R. For antibody binding, COS-1 cells were infected with wild-type
virus at a multiplicity of infection of 2 for 16 h, dispersed with cell dissociation
buffer (Life Technologies Inc., Rockville, Md.), and treated with 0.05U neur-
aminidase (Sigma Chemical Co., St. Louis, Mo.), which enhances IgG Fc binding
(29). Binding of IgG antibodies to HSV-1-infected cell surfaces was measured
with fluorescein isothiocyanate-conjugated F(ab�)2 fragments against mouse or
rabbit IgG or against rabbit IgG F(ab�)2 fragments. Cells were fixed with 1%
paraformaldehyde and analyzed by FACScan flow cytometry (Becton-Dickinson,
San Jose, Calif.). Antibody binding was reported as mean fluorescence intensity
(MFI). For assays to measure blocking of IgG binding, neuraminidase-treated
HSV-1-infected cells were incubated with IgG or F(ab�)2 fragments and then 10
�g of biotin-labeled nonimmune human IgG was added, which was detected with
streptavidin-R-phycoerythrin (Sigma) (36). The percent blocking was calculated
as [(MFI without blocking antibody � MFI with blocking antibody)/MFI without
blocking antibody] � 100.

RESULTS

IgG molecules potentially can bind to the HSV-1 Fc�R by
either the Fc domains or the F(ab�)2 domains, the latter if the
antibodies are directed against gE or gI. Binding by the Fc
domain occurs when nonimmune IgG binds to the HSV-1
Fc�R or when antibody bridging develops, which refers to the
F(ab�)2 domain binding to its target, such as gC or gD, and the
Fc domain of the same antibody molecule binding to the
HSV-1 Fc�R. The goal of our study was to determine whether
gE immunization can induce antibodies that bind to gE by the
F(ab�)2 domains and effectively compete with nonimmune hu-
man IgG for binding to the HSV-1 Fc�R (Fig. 1, model B).

Production of gE fragments in baculovirus. Three gE frag-
ments were prepared that span almost the entire gE ectodo-
main, gE24-224, gE225-398, and gE24-409 (Fig. 2). Our prior
studies used two approaches to define the gE IgG Fc binding
domain. One method involved constructing gE-1/gD-1 fusion
proteins, which localized the IgG Fc binding domain between
gE amino acids 183 and 404, while the other approach used
linker insertion mutagenesis and identified amino acids 225 to
398 as required for IgG Fc binding (6). The amino acid bound-
aries of the gE fragments shown in Fig. 2 were selected based
on the linker insertion mutagenesis studies; however, we were
uncertain which fragment was likely to be the best immunogen.

Supernatant fluids of baculovirus-infected cells yielded 6 to
8 mg of fragments gE24-224, gE225-398, and gE24-409 per
liter, which were purified on a nickel column and concentrated
to 1 mg/ml. GelCode Blue staining on SDS-PAGE estimated
purity at �95% (Fig. 3A). The gE24-224 and gE24-409 frag-
ments reacted with anti-His monoclonal antibody, anti-gE

FIG. 2. Features of HSV-1 gE. Stick diagram of HSV-1 strain NS gE (top) showing the signal peptide (SIG, open circle), transmembrane
domain (TM, open circle), potential N-linked glycosylation sites (gray balloons), and cysteine residues (C). The gray shaded box indicates the
margins of the IgG Fc binding domain as defined by linker insertion mutagenesis (amino acids 225 to 398), the white boxes show the amino and
carboxyl termini outer margins of the IgG Fc binding domain based on studies with gE/gD fusion proteins (amino acids 183 to 404), and the white
speckled box marks the domain of homology with mammalian Fc�Rs (6). The gray shaded boxes (bottom three figures) represent the regions of
HSV-1 gE expressed in baculovirus, which include gE protein coding sequences from amino acids 24 to 224 (gE24-224), 225 to 398 (gE225-398),
and 24 to 409 (gE24-409). 6� His, six histidine residues added at the carboxyl terminus. The amino acid sequence of the ectodomain of NS gE
differs from the published HSV-1 strain 17 gE sequence in that NS gE contains an insertion of two amino acids (Gly and Glu) at positions 186
and 187 (H. M. Friedman, unpublished observation) (27). The numbering system used in the current paper differs from that in our previous
publications based on these two added amino acids (1, 6, 30).
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monoclonal antibody 1BA10 and rabbit polyclonal antibody
R575. Fragment gE225-398 reacted with anti-His monoclonal
antibody, rabbit polyclonal antibody R575, and as expected, it
did not bind monoclonal antibody 1BA10, which recognizes
amino acid sequences between 103 and 120 that were not
included in this fragment (Fig. 3B) (1, 6).

Baculovirus gE immunization of mice and rabbits. Studies
were performed to determine if antibodies produced to the
various gE baculovirus fragments bind to gE and block IgG Fc
binding to the HSV-1 Fc�R. Mice were immunized with gE24-
224, gE225-398, or gE24-409 or mock-immunized as controls.
Mouse serum was collected after the fifth immunizations with

gE24-224 and gE225-398 or third immunizations with gE24-
409 and tested for antibody titers by ELISA against the corre-
sponding immunogens. Mice produced antibodies that reacted
with the immunizing antigen, while mock-immunized control
mice failed to produce antibodies against the three gE frag-
ments (Fig. 4A). Rabbits were immunized six times with gE24-
224 or gE225-398 and four times with gE24-409. IgG was
purified and tested by ELISA against the corresponding induc-
ing immunogen. Antibodies reacted with the immunogen for
each of the gE fragments, while rabbit nonimmune IgG failed
to react with any of the gE fragments (Fig. 4B). Generally,
antibody levels were highest against the gE24-409 fragment.

Blocking the HSV-1 Fc�R with mouse antibodies. Flow cy-
tometry assays were performed 16 h postinfection to evaluate
whether antibodies bind to gE expressed on HSV-1-infected
cells. Antibodies were used at a 1:10 dilution of serum, which
is a concentration 50-fold higher than that used in Fig. 4A.
Even at this high concentration, antibodies from gE225-398-
immunized mice showed low levels of binding, which were only
slightly greater than serum from mock-immunized mice. In
contrast, antibodies from gE24-224- and gE24-409-immunized
mice bound to gE (Fig. 5A). Unlike human or rabbit IgG,
murine IgG Fc does not bind to the HSV-1 Fc�R; therefore,
binding by mouse antibodies can only be mediated by the IgG
F(ab�)2 domain (17). Therefore, these results indicate that the
gE24-224 and gE24-409 F(ab�)2 antibody domains bind to gE
and that gE225-398 produces antibodies that barely react with
gE expressed on infected cells.

Experiments were performed to determine if antibodies pro-
duced after mouse immunizations block binding of biotin-la-
beled nonimmune human IgG to the HSV-1 Fc�R. Mouse
serum was used undiluted in these blocking assays. If antibod-
ies in mouse serum bind to gE and block the Fc�R, reduced
levels of biotin-IgG binding should be detected (see Fig. 1B)
compared with controls (see Fig. 1A). Antibodies produced to
gE24-224 and gE24-409 were effective at blocking the HSV-1
Fc�R (median blocking of 76% and 80%, respectively), while
antibodies to gE225-398 showed little blocking (median block-
ing of 17%), despite being used as undiluted serum (Fig. 5B).
Therefore, antibodies to gE24-224 and gE24-409 bind to gE by
their F(ab�)2 domains and block IgG Fc binding to the HSV-1
Fc�R.

Blocking the HSV-1 Fc�R with rabbit antibodies. Studies
were performed with IgG purified from immunized rabbits to
further examine the mechanisms by which antibodies compet-
itively inhibit binding of biotin-labeled nonimmune human IgG
to the HSV-1 Fc�R. Since rabbit anti-gE IgG can bind to the
HSV-1 Fc�R by either the F(ab�)2 or Fc domain, each of the
mechanisms for blocking the HSV-1 Fc�R shown in Fig. 1B to
1D is potentially possible, including antibody bridging where
the IgG F(ab�)2 domain binds to one gE molecule and the IgG
Fc domain binds to the HSV-1 Fc�R on another gE molecule
(11). Rabbit IgG was added at a concentration of 2 �g per 106

infected cells. At this IgG concentration, the three anti-gE
antibodies showed comparable binding by ELISA (Fig. 4B).
IgG produced to gE24-409, gE24-224, and gE225-398 and non-
immune IgG each bound to HSV-1-infected cells, as detected
by flow cytometry, although gE24-409 and gE24-224 IgG showed
greater binding than the other two IgG molecules (Fig. 5C).

IgG F(ab�)2 fragments were added to infected cells (1.4 �g

FIG. 3. SDS-PAGE and Western blot of bac-gE fragments. (A) Pu-
rified fragments secreted from H5 cells infected with bac-gE24-224,
bac-gE225-398, and bac-gE24-409 viruses were identified with
GelCode Blue Stain Reagent by SDS–4 to 15% PAGE. Molecular
mass markers are shown on the left. (A) Lanes 1 and 2, bovine serum
albumin (BSA) at 3 �g and 6 �g, respectively; lanes 3 and 4, 5 and 6,
and 7 and 8, purified gE24-224, gE225-398, and gE24-409 preparations
at volumes of 3 �l and 6 �l, respectively. (B) Western blot of bac-gE
fragments. Lanes 1 to 3, 4 to 6, and 7 to 9, purified gE24-224, gE225-
398, and gE24-409, respectively, probed with anti-His monoclonal an-
tibody (lanes 1, 4, and 7), anti-gE monoclonal antibody 1BA10 that
detects gE sequences between amino acids 103 and 120 (lanes 2, 5, and
8), and rabbit anti-gE polyclonal antibody R575 (lanes 3, 6, and 9).
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per 106 infected cells) to examine whether binding was medi-
ated at least partially by the F(ab�)2 domain. Binding was
greatest with F(ab�)2 fragments from rabbits immunized with
gE24-409, while gE24-224 showed less binding, and gE225-398
and nonimmune F(ab�)2 fragments showed little or no binding
(Fig. 5C). These results are consistent with those shown in Fig.
5A in that binding was greatest for the gE24-409 F(ab�)2 do-
main, while the gE225-398 F(ab�)2 domain showed little bind-
ing. These results also indicate that rabbit IgG binds by the Fc
domain, since nonimmune IgG binds while F(ab�)2 fragments
fail to bind.

Rabbit IgG and F(ab�)2 fragments were then evaluated for
their ability to block IgG Fc binding to the HSV-1 Fc�R. IgG
(20 �g per 106 infected cells) produced to all three gE frag-
ments competed for binding of 10 �g of biotin-labeled nonim-
mune human IgG (blocking by 86% to 92%), as did 20 �g of
nonimmune rabbit IgG (blocking by 67%) (Fig. 5D). IgG
F(ab�)2 fragments (14 �g per 106 infected cells) to gE24-224
and gE24-409 were also effective at blocking IgG Fc binding to
the Fc�R (blocking by 59% and 51%, respectively), while
gE225-398 F(ab�)2 fragments had low levels of blocking activity
(33%), which is consistent with low binding noted in Fig. 5C.
Nonimmune F(ab�)2 fragments showed little blocking (14%);
however, the fact that any blocking occurred suggests that
some intact IgG remained in the F(ab�)2 preparation (Fig. 5D).
These results indicate that rabbit IgG can compete with non-
immune human IgG for binding to the HSV-1 Fc�R by the Fc
domain (results with nonimmune IgG) and by the F(ab�)2

domain (results with gE24-224 and gE24-409 F[ab�]2 frag-
ments). Therefore, the mechanisms shown in Fig. 1B and 1C
are clearly operative. Whether antibody bridging between two
gE molecules also contributes to blocking biotin-labeled IgG
binding cannot be determined from these experiments.

Additional studies were performed to compare the blocking
activity of rabbit gE24-224, gE24-409, and nonimmune IgG

with IgG concentrations of 2 �g and 0.2 �g per 106 cells, which
are 10-fold and 100-fold lower, respectively, than used in Fig.
5D. These IgG concentrations were used to block binding of 10
�g of biotin-labeled nonimmune human IgG. At 2 �g, gE24-
409 IgG was more effective than gE24-224 IgG, and both were
more active than nonimmune IgG (Fig. 6A). The blocking
activities of anti-gE IgG were less at 0.2 �g; however, differ-
ences were still detected comparing gE24-409 and gE24-224
IgG (Fig. 6B). At this lower IgG concentration, no differences
were noted between gE24-224 IgG and nonimmune IgG (Fig.
6B). Results are shown in tabular form below the flow cytom-
etry figures to facilitate comparison with results shown in Fig.
5D that used higher concentrations of rabbit IgG (20 �g). The
results at the two lower IgG concentrations suggest that gE24-
409 IgG is more effective at blocking IgG Fc binding to the
HSV-1 Fc�R than gE24-224 IgG. Blocking by gE24-409 IgG at
0.2 �g (66%) was comparable to preimmune IgG at 100-fold
higher concentrations (67%, Fig. 5D), which indicates that
large differences exist comparing blocking activity of rabbit
anti-gE and nonimmune IgG.

Comparisons between rabbit anti-gE, anti-gC, and anti-gD
IgG. We compared the ability of IgG antibody produced to the
ectodomains of gC, gD, and gE to block biotin-labeled non-
immune human IgG binding to the HSV-1 Fc�R. As discussed
above, anti-gE IgG blocks the Fc�R by both the F(ab�)2 and Fc
domains. Anti-gC or anti-gD IgG can only block by the Fc
domain; however, these IgG molecules are capable of antibody
bridging, since their F(ab�)2 domains are targeted against other
glycoproteins (see Fig. 1D). This series of experiments exam-
ined whether antibodies that can bind to gE by their F(ab�)2

domains are more effective at blocking biotin-labeled nonim-
mune human IgG binding than antibodies directed at other
glycoproteins, such as gC or gD, that can only bind by their Fc
domains.

At 20 �g per 106 cells, gE IgG and gC IgG had comparable

FIG. 4. Studies with murine and rabbit antibodies. (A) Antibodies in mouse serum measured against the inducing immunogen. Data are plotted
as means � standard error of the mean of five mice immunized with bac-gE fragments or three mock-immunized mice. (B) Rabbit IgG measured
against the inducing immunogen (n � 1, 2, and 2 for gE24-224, gE225-398, and gE24-409 IgG, respectively). Imm, immune; Nonimm, nonimmune.
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levels of binding, while gD IgG showed greater binding to
HSV-1-infected cells (Fig. 7A). At 2 �g all IgGs bound to
infected cells at similar levels (Fig. 7B). At 20 �g, gE and gD
IgGs were approximately equally effective at blocking 10 �g of
biotin-labeled nonimmune human IgG binding to the HSV-1
Fc�R, and more active than gC or nonimmune IgG (Fig. 7C).
At 2 �g, gE IgG showed greater blocking activity than gD, gC,

or nonimmune IgG (Fig. 7D). Results of blocking experiments
are shown in tabular form below the figures. At 2 �g, gE IgG
blocked biotin-labeled nonimmune human IgG binding com-
parable to gD or gC IgG used at 10-fold higher concentrations.
These results indicate that F(ab�)2 binding to gE is more ef-
fective at blocking the HSV-1 Fc�R than nonimmune IgG Fc
binding or Fc binding by antibody bridging.

FIG. 5. Murine and rabbit antibody binding to gE and blocking biotin-labeled nonimmune human IgG binding to the Fc�R. (A) Infected cells
were incubated with serum from immunized mice (n � 5 per group) or mock-immunized controls (n � 3). Serum (1:10 dilution) was evaluated
for binding to gE on infected cells by flow cytometry. (B) Serum (undiluted) was added to infected cells to block binding of 10 �g of biotin-labeled
nonimmune human IgG. Bars indicate median values for each group. (C) Rabbit anti-gE IgG (2 �g) and F(ab�)2 (1.4 �g) fragment binding to gE
was measured by flow cytometry. Results are the average of four to seven determinations for IgG and two determinations for F(ab�)2 assays.
(D) Rabbit anti-gE IgG (20 �g) or F(ab�)2 fragments (14 �g) were incubated with infected cells prior to adding 10 �g of biotin-labeled nonimmune
human IgG. Results are the mean of three to five determinations for IgG and one determination for F(ab�)2 fragments.
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DISCUSSION

This report presents evidence that immunization with bacu-
lovirus gE fragments can produce antibodies that block non-
immune human IgG binding to the HSV-1 Fc�R. Immunogens
gE24-224 and gE24-409 were more effective than gE225-398,
which was chosen because of the high concentration of Fc�R
sequences within this fragment. Hopp-Woods antigenicity
analysis suggests that the most immunogenic gE ectodomain is
located between amino acids 160 and 197 (included in gE24-
224 and gE24-409), while the region from amino acids 225 to
398 has low predicted immunogenicity (16). The gE 225-to-398
domain includes seven of nine cysteine residues in the ectodo-
main; therefore, this fragment may have assumed an abnormal
conformation because of faulty disulfide bonding. However,
the fragment was secreted into the supernatant fluids of bac-
ulovirus-infected cells, suggesting that conformation was suffi-
ciently maintained for the protein to traverse the secretory
pathway. An alternative explanation for low immunogenicity
comes from studies of envelope glycoproteins of human and
simian immunodeficiency viruses, where N-linked carbohy-
drates or conformational changes in the protein mask critical
epitopes (22, 34). Despite the blunted responses to gE225-398,

results with the other two gE peptides support the hypothesis
that gE immune evasion domains can be blocked by antibody
F(ab�)2 fragments.

Studies with mouse and rabbit antibodies defined several
mechanisms by which gE IgG binds to the HSV-1 Fc�R and
competes for binding of biotin-labeled nonimmune human
IgG. These mechanisms include gE IgG F(ab�)2 binding to
domains involved in Fc�R activity, nonimmune IgG Fc bind-
ing, and antibody bridging from HSV-1 membrane glycopro-
teins, such as gC and gD, to gE/gI. It is possible that antibody
bridging also occurs from one gE/gI complex to another; how-
ever, no conclusions can be reached based on the current
study. The results shown in Fig. 7C support our previous find-
ings that antibody bridging blocks the Fc�R more effectively
than nonimmune IgG, since both gC and gD are more active
than nonimmune IgG (11).

The current findings indicate that gE IgG is effective at
blocking the Fc�R at approximately 10-fold lower IgG concen-
trations than gC or gD IgG, and approximately 100-fold lower
concentrations than nonimmune IgG. These results suggest
that targeting gE domains by immunization is an effective
approach to produce Fc�R-blocking antibodies. gE-mediated

FIG. 6. Flow cytometry assays to measure blocking of biotin-labeled nonimmune human IgG binding to the HSV-1 Fc�R by rabbit gE24-224,
gE24-409, or nonimmune IgG. Infected cells were incubated with 2 �g of IgG per 106 cells (A) or 0.2 �g of IgG per 106 cells (B). The no-blocking
curve refers to binding of biotin-labeled nonimmune human IgG in the absence of blocking antibody. Control, unstained cells. The table displays
results as percent blocking.
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immune evasion contributes significantly to HSV-1 pathogen-
esis (25, 30). The Fc portion of IgG plays an important role in
antibody-mediated host defense against HSV-1 infection, since
mice passively immunized with rabbit or human HSV-1 IgG
survive lethal HSV-1 challenge, while those given (Fab�)2 por-
tions are not protected (15, 28, 31). Targeting gE domains to
prevent antibody bridging of HSV IgG may enable the IgG Fc

portions to function in antibody-dependent cellular cytotoxic-
ity and complement activation, which would improve host de-
fense against the virus.

Our immunization studies in mice and rabbits indicate that
the gE24-224 fragment induces antibodies that block nonim-
mune human IgG binding to the HSV-1 Fc�R. These findings
suggest that the region of HSV-1 gE required for Fc�R activity

FIG. 7. Flow cytometry assays to measure rabbit antibody binding to HSV-1-infected cells and blocking of biotin-labeled nonimmune human
IgG binding to the Fc�R. (A and B) Binding of rabbit anti-gC, anti-gD, anti-gE, or nonimmune IgG at 20 �g and 2 �g. (C and D) Blocking of
biotin-labeled nonimmune human IgG binding to the HSV-1 Fc�R by anti-gC, anti-gD, anti-gE, or nonimmune IgG at 20 �g and 2 �g. Antibody
to gE24-409 was used as the anti-gE IgG. The no-blocking curve refers to binding of biotin-labeled nonimmune human IgG in the absence of
blocking antibody. Control, unstained cells. The table displays the results shown in panel C and D as percent blocking.
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may extend further towards the N terminus than originally
defined with linker insertion mutagenesis (6). Results from the
current study support our findings with gE/gD fusion peptides
that mapped the Fc�R domain on gE as located between
residues 183 and 404 (6). Rizvi et al. used limited proteolytic
analysis to study the interaction between gE and gI (35). They
found that the N-terminal domain of HSV-1 gE forms a stable
complex with gI, and that this gE/gI complex binds the Fc
domain of IgG. Only the first 188 amino acids of gE were
required for this activity. In our nomenclature, we include the
signal peptide in the numbering; therefore, residue 188 of
Rizvi et al. is equivalent to amino acid 210 in our reports. The
Rizvi et al. findings are consistent with our current results and
suggest that the gE Fc�R domain includes amino acids up-
stream of gE225-398. Resolving the crystal structure of IgG Fc
binding to the gE/gI complex will be required to definitively
establish the Fc�R binding sites.

An unexpected result from our studies was the finding that
the gE24-224 fragment is a potential candidate immunogen for
future vaccine studies. This baculovirus fragment was initially
selected to serve as a “negative control” for the gE225-398
fragment, which we expected to be the preferred immunogen.
Although the gE24-224 fragment was less effective at blocking
the Fc�R than gE24-409, a possible advantage of the gE24-224
immunogen is the exclusion of the domain of homology with
mammalian Fc�Rs (amino acids 324 to 361). Therefore, this
fragment does not carry the risk of causing autoimmunity via
cross-reacting antibodies. Additional studies are required to
evaluate whether gE24-409 or gE225-398 actually induce cross-
reacting antibodies.

Future studies can evaluate the role of gE immunization in
preventing gE-mediated immune evasion in animal models. If
successful, pilot studies may be warranted in primates. Our
future goal is to block both gC and gE immune evasion do-
mains by immunization. We propose adding gE and gC to
other HSV-1 immunogens, such as gD, with the goal of induc-
ing potent T-cell and B-cell immunity and blocking the ability
of virus to evade antibody and complement responses. Such
vaccines provide a novel approach for prevention or treatment
of HSV-1 infections in humans.
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