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As the receptor-binding protein of herpes simplex virus (HSV), gD plays an essential role in virus entry. In its native state, the
last 56 amino acids of the ectodomain C terminus (C-term) occlude binding to its receptors, herpesvirus entry mediator (HVEM)
and nectin-1. Although it is clear that movement of the C-term must occur to permit receptor binding, we believe that this con-
formational change is also a key event for triggering later steps leading to fusion. Specifically, gD mutants containing disulfide
bonds that constrain the C-term are deficient in their ability to trigger fusion following receptor binding. In this report, we show
that two newly made monoclonal antibodies (MAbs), MC2 and MC5, have virus-neutralizing activity but do not block binding of
gD to either receptor. In contrast, all previously characterized neutralizing anti-gD MAbs block binding of gD to a receptor(s).
Interestingly, instead of blocking receptor binding, MC2 significantly enhances the affinity of gD for both receptors. Several non-
neutralizing MAbs (MC4, MC10, and MC14) also enhanced gD-receptor binding. While MC2 and MC5 recognized different
epitopes on the core of gD, these nonneutralizing MAbs recognized the gD C-term. Both the neutralizing capacity and rate of
neutralization of virus by MC2 are uniquely enhanced when MC2 is combined with MAb MC4, MC10, or MC14. We suggest that
MC2 and MC5 prevent gD from performing a function that triggers later steps leading to fusion and that the epitope for MC2 is
normally occluded by the C-term of the gD ectodomain.

Herpes simplex virus (HSV) is an important human pathogen
that infects epithelial cells before spreading to the peripheral

nervous system, where it establishes a lifelong latent infection.
Four virion envelope glycoproteins, gD, gB, and gH plus gL (gH/
gL), are essential for HSV entry into all relevant cell types (19).
Two surface proteins, nectin-1 and herpesvirus entry mediator
(HVEM), can serve as gD receptors. Nectin-1 is an immunoglob-
ulin (Ig) superfamily member, while HVEM is a tumor necrosis
factor receptor family member (50). A combination of crystal
structure, mutagenesis, and monoclonal antibody (MAb)-
binding studies has shown that the sites for HVEM and nectin-1
binding are largely distinct (19, 30, 51).

Crystallography studies have also shown that the C terminus of
the gD ectodomain (C-term) normally occludes the binding site
for nectin-1 and prevents formation of the N-terminal loop
needed for HVEM binding (19, 30). Thus, for either receptor to
bind to gD, the C-term residues must be displaced. Notably, a gD
mutant engineered to contain an additional disulfide bond that
constrained the motion of the C-term was able to bind both
HVEM and nectin-1 normally. However, this mutant failed to
trigger cell-cell fusion and did not complement a gD-null virus
(31). Thus, the phenotype of this mutant dissociates receptor
binding from downstream post-receptor-binding effects medi-
ated by gD. This led us to hypothesize that a common conforma-
tional change is responsible for triggering the downstream events
involved in virus-cell fusion.

The recent resolution of the structures of gB and gH/gL for
both HSV and Epstein-Barr virus (EBV) (4, 12, 15, 20, 33) re-
vealed that, while gB is a class III fusion protein, the structure of
gH/gL does not resemble any known viral fusogen. Thus, the func-
tion of gH/gL as part of the core-fusion machinery is still unclear.
Some have suggested that the highly conserved and highly hydro-
phobic C-terminal regions of the gH ectodomain may play a direct

role in fusion (15, 32, 33). However, even this suggestion leaves
many questions unanswered, since this region does not contain a
readily recognizable fusion loop or peptide such as is found in
fusion proteins of known structure (18).

Another hypothesis is that gH/gL plays a regulatory role in
promoting the fusion activity of gB (12). In support of this con-
cept, it was recently discovered that gH/gL does not have to be in
the same cell as gB in order for cell-cell fusion to occur (55). In
fact, our data suggest that the gH/gL ectodomain can function
without being membrane bound at all (2). We found that when
nectin-1-bearing cells (called C10 cells) express gB, they can be
triggered to fuse by the addition of a combination of soluble forms
(ectodomains) of gD and gH/gL (2). In addition, we found that
brief exposure of C10 cells bearing gH/gL to soluble gD was suffi-
cient to make them fusion competent when cocultured with cells
expressing gB. Importantly, the converse did not happen, i.e., cells
expressing gB and a gD receptor that were first exposed to soluble
gD could not fuse with cells expressing gH/gL (2, 31). These ob-
servations led us to propose that HSV-induced fusion (and possi-
bly virus entry) consists of several sequential steps: (i) binding of
gD to an appropriate receptor, followed by (ii) a conformational
change in gD that allows it to activate gH/gL, leading to (ii) acti-
vation of gB into a fusogenic state.
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To test this hypothesis, we first examined the mechanism by
which virus-neutralizing antibodies work. Here, we focused on
MAbs to gD. In prior studies, we and others showed that virus-
neutralizing antibodies can be directed at HSV gD, gH/gL, or gB
(6, 8, 36, 39). Among those directed at gD, some blocked binding
of gD to HVEM but not nectin-1 and others blocked gD binding to
both receptors (28, 40). Here we report the identification of two
separate monoclonal antibodies, MC2 and MC5, that bind to gD
in the presence of either HVEM or nectin-1 and do not block
receptor binding to gD but effectively neutralize HSV infection.

Competition studies showed that MC2 and MC5 bind to dis-
tinct gD epitopes, suggesting that they may function in different
ways. Surprisingly, we found that MC2 significantly enhances the
affinity of gD for its receptors. We propose that this increased
affinity reflects the stable displacement of the gD C-term upon
MC2 binding. At the same time, binding of MC2 to its epitope
likely interferes with the second function of gD (which we propose
is the activation of gH/gL). Moreover, both the neutralizing ca-
pacity and rate of neutralization of virus by MC2 were enhanced
when it was combined with nonneutralizing MAb MC4, MC10, or
MC14, all of which map to the same linear epitope (amino acids
262 to 272). In contrast, MC5 did not enhance receptor binding to
gD, and its neutralizing activity was not enhanced by combining it
with MC14. We suggest that MAbs MC2 and MC5 neutralize virus
by interfering with the ability of gD to activate gH/gL, thereby
preventing activation of gB into its fusogenically active state. As
such, these antibodies can be utilized to delineate essential infor-
mation about the step that occurs just after receptor binding. Ad-
ditionally, these MAb studies may supply insights into the efficacy
of gD as a vaccine component (14, 52) by revealing whether re-
sponses to the vaccine include antibodies that target both func-
tions of gD.

MATERIALS AND METHODS
Cells and viruses. 293T cells were grown in Dulbecco’s minimal essential
medium (DMEM) supplemented with 10% fetal calf serum (FCS). Sf9
(Spodoptera frugiperda) cells were grown in Sf900II serum-free medium
(Gibco). Vero cells were grown in DMEM supplemented with 5% FCS.
Gradient-purified HSV-2 strain 333 was propagated in Vero cells and the
titer determined. Hybridoma cells were cultured in supplemented Ken-
nett’s Hy medium.

Production and purification of recombinant baculovirus-produced
proteins. The methods for production and DL6 affinity purification of
gD1(306t), gD2(306t), and gD2(285t) have been described previously
(29, 41, 48). Production of HveA(200t) (HVEM) and HveC(346t)
(nectin-1) by nickel-agarose purification has also been described previ-
ously (28, 59). Recombinant baculovirus expressing gD2(s322) was ob-
tained by first cloning the 0.3-kbp ApaI (blunted with mung bean
nuclease)-BamHI fragment from plasmid D2-H20 (11) (which contains
an insertion of charged amino acids into the middle of the transmem-
brane region) into plasmid pAN243 (41) (which had been digested with
EcoRI and blunted with Klenow fragment) and BamHI. The resulting
baculovirus transfer vector (pCW259), which contained full-length gD2
with the insertion at amino 322, was then cotransfected with BaculoGold
baculovirus DNA (BD Pharmingen) to generate a recombinant baculovi-
rus expressing this form of gD2. Recombinant gD2(s322) was purified via
DL6 affinity purification as described above.

Production of MAbs against HSV2 gD. Mice were immunized with
gD2(s322) until suitable serum antibody titers were achieved. Hybridoma
production was performed using standard procedures, and stable hybrid-
omas secreting IgG reactive with HSV-2 gD by an enzyme-linked immu-
nosorbent assay (ELISA) were subcloned twice. IgG was purified from

mouse ascitic fluid by protein G chromatography (HiTrap; GE Health-
care) according to the manufacturer’s instructions. Following purifica-
tion, MAbs were dialyzed against phosphate-buffered saline (PBS).

Other antibodies used. Rabbit polyclonal antibody (PAb) R8 was
raised against full-length HSV-2 gD and cross-reacted with HSV-1 gD
(22). Anti-gD MAbs used in this study included BD66 and BD78 (kindly
supplied by Becton Dickinson Co.) and DL6, which recognize linear
epitopes within residues 272 to 279, 284 to 301, and 264 to 275, respec-
tively (22). We also used MAbs DL11 (13, 36), HD1 (42, 47), H128 (46),
and LP2 (35), the latter kindly provided by A. Minson and H. Browne.

SDS-PAGE and Western blotting. Purified glycoproteins were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) under “native” conditions (0.1% SDS, no reducing agent, no boil-
ing) (13) or denaturing conditions (samples boiled for 5 min in sample
buffer containing dithiothreitol [DTT]) in precast 10% Tris-glycine gels
(Invitrogen). Following SDS-PAGE, separated proteins were transferred
to nitrocellulose, probed with antibodies, and visualized by enhanced
chemiluminescence (Amersham Pharmacia).

Coimmunoprecipitation of gD-receptor complexes with gD MAbs.
gD2(285t) (300 ng) was combined with 1.5 �g of nectin-1(346t) or
HVEM(200t) in 100 �l of binding buffer (60) and incubated for 1 h at 4°C.
Next, 500 ng of the indicated MAb IgG was added and samples were
incubated for an additional hour at 4°C. Finally, protein A-Sepharose
(ProA-Sepharose) was added to each sample and incubated for 1 h at 4°C.
The resulting immune complexes were pelleted, washed, and subjected to
Western blot analysis. Blots were probed with rabbit polyclonal antisera
against HSV gD (R7) and human nectin-1 (R154) or human HVEM
(R140).

Blocking of receptor binding by MAbs. ELISA plates were coated
overnight with soluble receptors [5 �g/ml of HVEM(200t), 10 �g/ml of
nectin-1(346t)] and then blocked with 5% milk– 0.1% Tween–PBS for 1
h. Concurrently, a constant amount of gD2(306t) was incubated with
dilutions of each MAb (whole IgG or Fab) for 1 h at room temperature
(RT) in 5% milk– 0.1% Tween–PBS. The MAb-gD mixtures were then
added to receptor-coated plates for 1 h at RT. Bound gD was detected with
anti-gD PAb R8 followed by horseradish peroxidase (HRP)-conjugated
anti-rabbit secondary antibody. This assay was repeated a minimum of
three times for each MAb.

Enhancement of receptor binding by MAbs. ELISA plates were
coated overnight with soluble receptors [5 �g/ml of HVEM(200t), 10
�g/ml of nectin-1(346t)] (28, 59) and then blocked with 5% milk– 0.1%
Tween–PBS for 1 h. Concurrently, 0.5 �M each MAb was incubated with
dilutions of gD2(306t) or gD2(285t) starting at 0.5 �M for 1 h at RT in 5%
milk– 0.1% Tween–PBS. The MAb-gD mixture was then added to the
receptor-coated plates for 1 h at RT. Bound gD was detected with anti-gD
PAb R8 followed by HRP-conjugated anti-rabbit secondary antibody.
This assay was carried out a minimum of three times for each MAb.

Map competition by surface plasmon resonance. Experiments were
carried out on a BIACORE 3000 optical biosensor (Biacore AB) at 25°C as
previously described (1, 27, 60). The running buffer for the experiments
was HBS-EP (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.005% poly-
sorbate 20). An anti-His MAb (Qiagen Inc.) was directly coupled to a
CM5 Biacore chip for competition studies. At the beginning of each cycle,
gD2(306t) (�600 response units [RU]) was captured via its C-terminal
6-His tag on flow cell 1 (Fc1) and Fc2. The first competing antibody was
injected at a concentration of 20 �g/ml (2 min at 5 �l/min) across Fc1.
Finally, the second competing MAb (20 �g/ml) was injected across both
Fc1 and Fc2 for 2 min to monitor its binding to gD2(306t). To regenerate
the anti-His Ig chip surface, brief pulses of 0.2 M Na2CO3–1 M NaCl (pH
10.5) were injected until the response signal returned to baseline.

Virus neutralization assay. Serial dilutions of IgG of each MAb were
mixed with sucrose gradient-purified HSV-2, and the mixtures were in-
cubated at 37°C for 1 h. The virus-MAb mixtures were then added to Vero
cell monolayers grown in 48-well plates and incubated for 18 to 24 h at
37°C. Cells were fixed with methanol:acetone (2:1), and plaques were
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visualized via immunoperoxidase staining (black plaque) as described
elsewhere (6).

Virus neutralization with MAb combinations. To assess whether
combinations of antibodies would neutralize to a greater extent than the
sum of the results obtained with each of the two antibodies alone, we
carried out two types of experiments. In the first, MAbs were diluted
serially and then added to media with or without a constant amount of a
second antibody. Virus and the combination of MAbs were incubated for
1 h at 37°C and then plated on Vero cell monolayers for plaque assays. The
second assay examined the kinetics of virus neutralization (26, 46). Here,
we used fixed concentrations of MAbs and adjusted the time during which
virus and MAbs were incubated at 37°C (0 to 60 min). At each time point,
the virus-antibody mixture was rapidly diluted in growth medium and
added to cells to measure the virus neutralization over time. The results
were plotted as V/V0, where V is the number of plaques remaining at each
time point and V0 is the number of plaques at time zero. This number was

plotted against time. A straight-line relationship between V/V0 and time
represents first-order kinetics, and the slope of the line represents the rate
of virus neutralization. This assay was carried out a minimum of 5 times
for each MAb combination.

RESULTS
A new panel of anti-gD MAbs revealed two MAbs that neutralize
HSV independently of receptor binding. In previous studies of
gD, we characterized gD-specific MAbs, studied their properties,
and arranged them into antigenic groups, a small subset of which
is shown in Fig. 1A. Of particular interest were MAbs that targeted
a biologic activity, e.g., the ability to block the interaction between
gD and at least one receptor (Fig. 1A; MAbs shown in red) as well
as the ability to neutralize HSV (Fig. 1A and Table 1). For example,
group Ib-neutralizing MAbs, exemplified by DL11, are type com-

FIG 1 Grouping of MC series of MAbs to gD and their neutralization properties. (A) Tree-like diagram showing how the MC MAbs relate to each other and to
previously characterized anti-gD MAbs (22, 37). MC MAbs were grouped according to several criteria, starting with whether they react with any of a series of
overlapping peptides to gD2. Additionally, we used truncated forms of gD to delineate the C-terminal end of the discontinuous epitopes. In some cases, the
numbers refer to the amino acid changed in monoclonal antibody-resistant (mar) mutants as well as to the position of linker insertion mutations found to affect
MAb binding to gD (11). Western blotting of gD proteins was used to determine MC MAb type specificity. They were compared to monoclonal antibodies that
had previously been characterized and grouped using biosensor competition as well as being grouped according to which peptides they recognized. Previous
groups (group I to group XI) were maintained, and new groups (XII to XVI) were added to accommodate MAbs that did not fit into known groups (37). Those
shown in bold and in red have virus-neutralizing activity. MC12 recognizes the same amino acids as the previously mapped MAb BD66 and was placed in group
XI. MC1 recognized synthetic peptide 1-20 and was placed in group VII. Eleven type-common MC MAbs were added to group IIa (previously defined only by
BD78). Five new groups (IIc, XIV, XV, XVI, and XVII) accounted for the remaining MC MAbs. (B) Structures of gD showing the receptor-binding face and the
fusion activation face.
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mon (bind both HSV-1 and -2), react with discontinuous (38)
epitopes, and block binding of gD to both receptors, HVEM and
nectin-1 (28, 38, 40, 58). Others, such as those in group VII, have
virus-neutralizing activity but block binding to only one of the
two receptors (Fig. 1A and Table 1) (28, 36, 40).

As we hypothesize that gD has a post-receptor-binding, fusion-
promoting function (19, 30), we set out to identify gD-specific
antibodies that would neutralize virus but still allow binding to
both receptors. Since we lacked gD2-specific MAbs in our collec-
tion, we utilized gD2(s322) as the immunogen to generate 23 new
MAbs designated MC1 through MC23. We characterized each
antibody and constructed an antibody “tree” (Fig. 1A), ultimately
relating them to each other and our previously characterized an-
tibodies. The majority of the MC MAbs were type common, but
five reacted either preferentially or exclusively with a truncated
form of gD2, gD2(306t) (Fig. 1A and 2). MAbs that reacted with
denatured gD were further mapped with overlapping synthetic
peptides (data not shown) as previously reported (6, 8). MAbs in
type-common groups IIa and IIc recognized amino acids 262 to
272 (Fig. 1A), and none had virus-neutralizing activity. Among
the MAbs in group IIa, MC4, MC10, and MC14 were chosen as
negative controls in later experiments.

Most importantly, only MC2, MC5, and MC23 exhibited
virus-neutralizing activity (Fig. 1A and Table 1) and all three rec-
ognized only nondenatured gD. Since MC5 and MC23 were type
common but MC2 was type 2 specific (Fig. 2A), studies for this
report used HSV-2, gD2, and gD2 peptides. We then pursued
three goals with these three MAbs: (i) to define the epitopes rec-
ognized by each; (ii) to test whether any of them could still bind
gD in the presence of receptor; and (iii) to test whether any func-
tioned by blocking gD binding to one or both receptors.

Mapping studies of conformation-dependent MAbs. We first
tested MC2, MC5, and MC23 against truncated forms of gD2 and
linker insertion mutants (11) and then further grouped them by
competition studies.

We found that MC5 and MC23 were able to bind to all trun-
cations tested, including gD2(234t), whereas the shortest trunca-
tion seen by MC2 was gD2(250t) (Fig. 2B). This identified the
epitopes for MC5 and MC23 as being upstream of residue 234 in
the linear gD sequence. For MC2, the epitope is (at least in part)
between amino acids 234 and 250. Interestingly, the only amino

acid difference between gD1 and gD2 in this stretch of amino acids
is at residue 246 (proline in gD2 and alanine in gD1). Thus, this
amino acid might be in the MC2 epitope. We also examined bind-
ing of each of the MAbs to linker insertion mutants (11) and
found that MC5 failed to recognize a gD2 mutant with an inser-
tion at residue 77 (Fig. 1A, data not shown). Thus, part of the MC5
epitope may include this residue. Importantly, MC2 and MC23
were able to bind to this mutant, suggesting that their epitopes
were distinct from that seen by MC5.

As a further means of mapping epitopes, we attempted to iso-
late mutants resistant to neutralization by MC2, MC5, and MC23
(21, 37). We succeeded in isolating such a monoclonal antibody-
resistant (mar) mutant for MC23; it has a single mutation (thre-
onine to methionine) at residue 213 (data not shown). Since other
group Ia mar mutants map at residue 216 (35, 38), close to 213 in
the gD crystal structure (Fig. 1B) (10), we tentatively assigned
MC23 to this group.

Biosensor analysis of MC2, MC5, and MC23. Because we ob-
tained only limited information about the epitopes for these
MAbs, we used surface plasmon resonance to determine the rela-
tionships of MC2, MC5, and MC23 to each other and to the con-
trol MAb MC14 (Fig. 3). Three sets of data illustrate how we used
the biosensor for MAb competition. This assay worked well, since
the MAbs had low off rates. Since MC2 is type 2 specific,
gD2(306t) was bound to the sensor chip, and we examined bind-
ing of each MAb. Figure 3A shows that both MC5 and MC2 bound
well to gD2(306t) when tested individually (the flow cells are ab-

FIG 2 Mapping of antibody epitopes on gD for the MC MAbs. (A) Western
blot analysis of MC2, MC5, MC14, and MC23. Purified truncated gD1(306),
indicated as 1, or gD2(306), indicated as 2, were subjected to SDS-PAGE under
nondenaturing conditions. Western blots were probed with the indicated
MAbs. (B) ELISA. Truncated gD1(306t), as well as gD2 truncated at amino
acid 306, 285, 250, or 234, was reacted with the same IgG concentration of
MC2, MC5, or MC23 for 1 h at RT. Bound antibody was detected by an anti-
mouse secondary antibody and ABTS [2,2=-azino-bis(3-ethylbenzothiazoline-
6-sulphonic acid)] substrate. Absorbance values were normalized by setting
the values obtained for each MAb binding to gD2(306t) as 100%.

TABLE 1 Virus neutralization by anti-gD MAbsa

MAb

IgG (�g /ml) needed for 50% neutralization of:

HSV-1 (KOS) HSV-2 (333)

MC2 �25 0.781
MC5 3.1 6.2
MC23 1.6 0.260
DL11 0.004 0.312
1D3 0.390 6.2
MC4 �25 �25
MC10 �25 �25
MC14 �25 �25
DL6 �25 �25
BD66 �25 �25
BD78 �25 �25
a Data are expressed as amounts of IgG needed to neutralize 50% of the visible plaques
formed by HSV on Vero cells at 48 h postinfection. The starting number of plaques was
100.
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breviated Fc1 and Fc2). We then injected MC5 over the chip con-
taining MC2 bound to gD (Fc1), and MC5 still bound well to gD.
This indicated that the epitope for MC5 on gD was not obscured
by the presence of MC2. Likewise, MC2 still bound well when
injected over a chip containing MC5 bound to gD (data not
shown). These data suggest that MC2 and MC5 recognize differ-
ent sites on gD. In similar studies, neither MC2 nor MC5 com-

peted with any of the other neutralizing MAbs (e.g., 1D3, DL11, or
LP2) for binding to gD (Fig. 1, data not shown).

Second, we examined whether MC23 would compete with
LP2, a prototypical group Ia MAb (35). In this case, when MC23
was bound to gD, binding of LP2 was blocked by more than 90%
(Fig. 3B). This blocking was reciprocal, i.e., when LP2 was bound
first, MC23 no longer bound to gD2(306t) (data not shown).
Since the two MAbs competed with each other for binding to gD,
the data indicated that their epitopes overlap and that MC23 is a
group Ia MAb. Moreover, these data predicted that MC23 func-
tions by interfering with nectin-1 binding to gD. As a third exam-
ple, we first injected MC2 across gD2. Once binding reached a
plateau, we injected MC5, then MC14, and finally MC23 (Fig. 3C).
In each case, the newly injected MAb bound to gD2(306t), show-
ing that these four MAbs recognize distinct epitopes on gD. Since
MC23 (like other group Ia MAbs) likely functions by blocking
nectin-1 binding, we turned our attention to MC2 and MC5 to
determine whether they functioned independently of receptor
binding.

Does MC2 or MC5 block gD binding to receptors? We took
several approaches to address this question.

(i) Coimmunoprecipitation of gD and nectin-1 in the ab-
sence or presence of gD MAbs. In previous studies, we showed
that the nonneutralizing MAb DL6 could coprecipitate gD bound
to HVEM (40). In contrast, neutralizing MAbs 1D3 (group VII)
and DL11 (group Ib) did not coprecipitate the complex of gD and
HVEM (40). Here, using a similar approach, we preincubated
gD2(306) with nectin-1 (Fig. 4A) or HVEM (Fig. 4B), followed by
addition of MAbs to these mixtures. For both receptors, we used
DL6 as a positive control because it coprecipitates gD with HVEM
and nectin-1; DL11 was used as a negative control because it fails
to coprecipitate either receptor (28, 40). When gD was preincu-
bated with nectin-1 or HVEM, MAbs MC2, MC4, and MC5 each
coprecipitated both proteins, showing that the epitopes for these
MAbs were still accessible when gD was bound to either receptor.
Since both MC2 and MC5 neutralize virus (Table 1), these results
suggest that both MAbs block a critical gD function other than
receptor binding.

FIG 3 MAb blocking of gD binding to receptors measured by surface plasmon
resonance. Anti-His MAb was coupled to a CM5 biosensor chip, and
gD2(306t) was captured via its C-terminal His tag on flow cell 1 (Fc1) and Fc2.
The first MAb was injected across Fc1 for 2 min at 5 �l/min (control flow cell).
The next MAb was then injected across both Fc1 and Fc2 for 2 min. (A)
Sensorgram obtained using MAbs MC2 (1st MAb) and MC5 (2nd MAb).
Since both bind to gD, there was no competition. (B) Sensorgram obtained
using MC23 (1st MAb) and LP2 (2nd MAb). In this case, when MC23 was
injected first, LP2 failed to bind, indicating they competed for the same epitope
on gD. (C) Sensorgram of MC2, MC5, MC14, and MC23, each added sequen-
tially to gD in Fc1. Binding of gD2(306t) to the anti-His MAb is not shown. In
this case, each MAb bound to gD independently of whether the other MAbs
were present, indicating that all four recognize distinct epitopes on gD.

FIG 4 Coimmunoprecipitation of HVEM(200t) and nectin-1(346t) by
anti-gD MAbs. Reaction mixtures of gD2(285t) in the presence (�) or absence
(�) of purified truncated nectin-1(346t) (A) or HVEM(200t) (B) were immu-
noprecipitated by the indicated MAbs. DL6 and DL11 were used as positive
and negative controls, respectively. For nectin-1, the Western blots were
probed with anti-gD and anti-nectin-1 polyclonal Abs. For HVEM, two gels,
one for HVEM and the other for gD, were processed after the coimmunopre-
cipitation, and each blot was probed. Secondary Abs were then added, and
enhanced chemiluminescence was used to visualize the bands.
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(ii) ELISA. We next determined the extent to which these an-
tibodies could prevent receptors from binding to gD. To do this,
we incubated a set amount of gD2(306t) with increasing amounts
of each antibody, allowed them to bind, and then added the mix-
tures to ELISA plates coated with HVEM (Fig. 5A and C) or
nectin-1 (Fig. 5B and D). In this case, MAbs DL11, LP2, and MC23
effectively blocked the binding of gD to HVEM or nectin-1 in a
dose-dependent manner. However, in contrast, MC5 did not
block gD binding to either receptor. In fact, at higher concentra-
tions, MC5 appeared to enhance binding of gD to both receptors.
MC2 significantly enhanced binding of either HVEM or nectin-1
to gD (Fig. 5C and D). To our surprise, several nonneutralizing
MAbs, including MC14, DL6, BD66, and BD78, had this property.
The data suggest that binding of MC2 as well as these nonneutral-
izing antibodies alters gD structure in some way to allow better
access of receptors to associate with their binding sites.

To what extent do MC2, MC5, and MC14 enhance gD bind-
ing to receptor? Previously, we found that the affinity of gD(306t)
for both HVEM and nectin-1 is in the micromolar range whereas
the affinity of gD(285t) for these receptors is enhanced signifi-
cantly (approximately 50-fold) (44, 60). This is explained by crys-
tallographic data that showed that the C-terminal residues of the
gD ectodomain lie across the core of gD and interact with the N
terminus, thereby impeding receptor binding (16, 30, 60). Thus,

removal of the residues from 286 to 306 likely relieves the imped-
iment to receptor binding. Additionally, we showed that a mutant
form of gD with a single amino acid change at residue 294 (from a
tryptophan to alanine) also has very high affinity for receptors,
suggesting that it acts as a linchpin that helps to stabilize the
C-term in a “closed” position across the gD core (16, 30). In the
crystal structure, W294 fits into a groove near the gD N terminus
and forms hydrogen bonds with several key residues in that re-
gion. Thus, receptor binding requires that the C-term be in an
“open” conformation.

To quantify the extent of the enhancement of receptor binding,
a single (excess) concentration of MAb MC2, MC5, MC14, or
MYC IgG was incubated with increasing amounts of gD2(306t) or
with gD2(285t). Each mixture was then added to an ELISA plate
coated with HVEM (Fig. 6A, C, and E) or nectin-1 (Fig. 6B, D, and
F). The anti-MYC antibody control reflects the normal binding
capacity of each form of gD to receptors. As expected (44, 60),
gD2(285t) bound to HVEM and nectin-1 better than gD2(306t).
Interestingly, MC2 enhanced the binding of gD2(306t) to HVEM
almost as well as the C-terminal truncation [gD2(285t)] (Fig. 6A).
This antibody also enhanced gD2(306t) binding to nectin, but the
effect was not as dramatic as with HVEM (Fig. 6B). These results
support our concept that binding of MC2 affects the position of
the C-term of gD. In contrast, MC5 had a much more modest

FIG 5 Effect of MAbs on binding of gD2(306t) to HVEM and nectin-1. Serial 2-fold dilutions of each MAb IgG were incubated for 1 h with a constant amount
of gD2(306t). The gD-IgG mixture was then added to an ELISA plate on which either HVEM (A and C) or nectin-1 (B and D) had previously been immobilized.
Binding of gD was then detected with polyclonal antibody R8 followed by secondary antibody and substrate. The results are presented in separate panels for clarity
(note the differences in the y-axis scale values). Results were normalized to the amount of gD bound following incubation with a control IgG (anti-myc). Results
of a representative experiment are shown; each antibody was tested a minimum of three times.
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enhancing effect on binding of gD2(306t) to HVEM (Fig. 6C) and
had no effect at all on gD2(306t) binding to nectin-1 (Fig. 6D). As
predicted, neither MC2 nor MC5 enhanced the binding of
gD(285t) to HVEM or nectin-1. Finally, MC14 enhanced binding
of gD2(306t) to both HVEM and nectin-1 (Fig. 6E and F) and the
extent of this enhancement mirrored that seen with MC2. Biosen-
sor analysis indicated that the increased affinity of gD2(306t) for
HVEM and nectin-1 caused by MC2 or MC14 was due to an in-
crease in the rate of association (kon), with little change in disso-
ciation (koff) (data not shown). This pattern was identical to that
seen for the kinetics of gD2(285t) binding to HVEM and nectin-1
(44, 60). These experiments support the concept that binding of
MC2 or MC14 to gD induces a more “open” conformation of the
C-term, thereby enhancing the ability of gD to bind the receptor.

Since MC2 and MC14 recognize different epitopes, we won-
dered whether binding of gD2(306t) to receptors would be even
more enhanced if we mixed the two MAbs. If so, this would sug-
gest that there may be two different mechanisms to alter the
C-term. Therefore, we tested the effect of a combination of MC2
with MC14 on receptor binding (Fig. 7). As shown before (Fig. 6),
the presence of MC2 or MC14 alone enhanced the binding of
gD2(306t) to either HVEM (Fig. 7A) or nectin-1 (Fig. 7B). The
combination of the two MAbs enhanced gD2(306t) binding to
HVEM and nectin-1 even more. Overall, our data suggest that the
combination of MC2 with MC14 has a greater enhancing effect on
receptor binding to gD than does either MAb alone. This supports
the idea that MC2 and MC14 may affect gD conformation in dif-
ferent ways. A similar effect was seen for MC4 or MC10 in com-

FIG 6 Effect of MAbs MC2 and MC5 on receptor binding to gD2(306t) or gD2(285t). Serial 2-fold dilutions of the two forms of gD2 were mixed with antibody
MC2 (A and B), MC5 (C and D), or MC14 (E and F) at a concentration of 0.5 �M for 1 h. The gD-IgG mixture was then incubated with purified receptor that
had been immobilized to an ELISA plate. Binding of gD was detected with polyclonal anti-gD antibody R8 and anti-rabbit secondary antibody. Results of a
representative experiment are shown; each antibody was tested a minimum of three times.
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bination with MC2 (data not shown). More importantly, our ob-
servations about enhancement of receptor binding led us to
wonder whether the nonneutralizing MAbs MC4, MC10, and
MC14 would enhance either the extent or kinetics of virus neu-
tralization by MC2 (46).

Effect of MC4, MC10, and MC14 on HSV-2 neutralization by
MC2. Sanna et al. (46) showed that the combination of H170, a
group VII MAb, and H128, a group 1b MAb (Fig. 1), was more
effective at neutralizing HSV-2 infection than was either MAb
alone both in terms of efficiency (50% endpoint) and kinetics (the
rate of neutralization as a function of time of exposure of virus to
MAb). However, in that study, Sanna and colleagues combined
two virus-neutralizing MAbs that function by interfering with re-
ceptor binding. Having shown that MC2 does not interfere with
receptor binding but still neutralizes HSV2, we used a similar ap-
proach to investigate the extent and kinetics of neutralization by
MC2 in the presence or absence of MAb MC4, MC10, or MC14.
Additionally, we tested BD66 and DL6, two other nonneutralizing
MAbs with epitopes in the C-term that enhanced receptor binding
(Fig. 5D).

First, we examined the effect of MAbs that mapped to the
C-term on neutralization by MC2 (Fig. 8). MAbs such as MC4,
MC10 (Fig. 8A and B), and MC14 (data not shown) enhanced

neutralization by MC2. These MAb combinations increased the
amount of virus neutralized (to nearly 100%), whereas, in multi-
ple experiments, MC2 alone never neutralized more than 80% of
the input virus. Interestingly, neither DL6 (22) nor BD66 (22) had
any enhancing effect on neutralization by MC2 (Fig. 8C and D).
Thus, the enhancing effect may be due to how each MAb to a
linear epitope along the C-term is oriented in relation to the ori-
entation of MC2 (Fig. 1). No MAb enhanced neutralization by
MC5, again emphasizing that it neutralizes virus differently than
MC2 (data not shown). Thus, there is specificity among the MAbs
that enhance receptor binding. In addition to MC4, MC10, and
MC14, several other MAbs that map to this epitope in particular
worked in concert with MC2 to enhance neutralization.

Having determined that MC4, MC10, and MC14 enhance the
extent of neutralization by MC2, we tested how rapidly they neu-
tralized virus compared with antibodies such as DL11 that block
receptor binding. First, we repeated the neutralization experiment
shown in Fig. 8, testing whether MC14 would enhance neutraliza-
tion by DL11 (Fig. 9A and B). Again, we adjusted the IgG concen-
tration and measured plaque reduction at 1 h after the addition of
DL11 alone or in combination with MC14 (Fig. 9A and B). In
contrast to what was seen with MC2 (Fig. 9B), MC14 had no effect
on virus neutralization by DL11. We next compared the kinetics of
neutralization by DL11 and MC2 in the presence or absence of
MC14 (Fig. 9C and D). For this experiment, the amount of anti-
body (IgG) was held constant at 10 nM for both MC2 and DL11
and plaques were counted over time once the antibody virus mix-
ture was added to the cells (46). We used 80 nM MC14 to be
certain that any enhancement of kinetics would not be limited by
the MC14 concentration. We then adjusted the time of incubation
of the MAbs with virus (from 5 min to 1 h) before adding the
mixture to cells. We plotted the data as the number of plaques at
each time point divided by the number of plaques at time zero (no
MAb) on the y axis (V/Vo) against time on the x axis (46). Thus, we
could determine the rate from the slope of each line; the steeper
the slope, the higher the rate of neutralization. As expected, anti-
body neutralization followed first-order kinetics in each case (i.e.,
a straight line). For DL11, the slopes (rate) were nearly identical in
the presence or absence of MC14 (Fig. 9C). Similar results were
found for MC23 or MC5 plus or minus MC14 (data not shown).
However, in the case of MC2, the rate of neutralization was twice
as high when both MC14 and MC2 were present compared with
MC2 alone (Fig. 9D). We found the same enhancement in the
kinetics of neutralization when we used different concentrations
of MC2 (data not shown). This suggests that the kinetics of neu-
tralization by MC2 and the enhancing effect of MC14 are inde-
pendent of MC2 concentration over a wide range. Together, these
data suggest that MAb MC14 which is directed at residues 262 to
272 enhances both the extent and the rate of neutralization
by MC2.

DISCUSSION

In previous studies of MAbs to HSV gD, we identified a number
that have virus-neutralizing activity. In all cases, the antibodies
prevented binding of gD to the HSV receptors HVEM and
nectin-1. We concluded that this activity accounted for neutral-
ization of HSV by gD antibodies. However, by solving the struc-
tures of gD bound to HVEM (10, 30) and gD bound to nectin-1
(16), we found that approximately 50 of the C-terminal amino
acids (the C-term) of the gD ectodomain occluded the binding site

FIG 7 Effect of mixtures of MAbs MC2 and MC14 on receptor binding of
gD2(306t) or gD2(285t). (A) Serial 2-fold dilutions of the two forms of gD2
were mixed with MYC (control antibody) or MC2 or MC14 or a mixture of
MC2 and MC14 and then incubated with purified HVEM that had been im-
mobilized on an ELISA plate. (B) The procedure was the same as described for
panel A, except that nectin-1 was bound to the ELISA plate. Binding of gD was
detected with polyclonal anti-gD antibody R8 and anti-rabbit secondary anti-
body. Results of a representative experiment are shown; each antibody was
tested a minimum of three times.
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for nectin-1 and also prevented formation of the N-terminal hair-
pin of gD needed for HVEM binding (16, 30). We hypothesized
that in both cases, receptor binding necessitated a common con-
formational change in gD whereby the C-term moved away from
the core, allowing receptors to bind. We postulated that gD with
the C-term in this “open” position is an activated form of gD that
is responsible for triggering events carried out by gH/gL and/or
gB. These events then result in fusion of the virion envelope with a
cell membrane to allow exposure of the capsid. Indeed, a gD mu-
tant, which locked much but not all of the C-term of the gD ect-
odomain against the gD core, was still able to bind both gD recep-
tors and yet was unable to trigger cell-cell or virus-cell fusion (31).
This hypothesis was ultimately supported by ultrastructural stud-
ies that revealed the normal position of the C-term and proved
that binding of either HVEM or nectin-1 to gD requires the same
movement of the C-term to reveal the receptor-binding sites for

both HVEM and nectin-1 (10, 16, 30). Presumably, these “open”
sites on gD were the target of virus-neutralizing antibodies that
blocked binding of gD to receptor.

As another means of testing our hypothesis, we searched for
anti-gD MAbs that would not interfere with receptor binding but
still neutralized virus infection. In screening a newly made panel
of anti-gD2 MAbs, we found three that had virus-neutralizing
activity. Of these, MC23 blocked gD binding to receptors and
competed with another group Ia MAb (LP2). However, two others
MAbs in the new panel, MC2 and MC5, bound to gD in the pres-
ence of the HVEM and nectin-1 receptors and neither MAb pre-
vented these receptors from binding to gD. Thus, MAbs MC2 and
MC5 had unique properties that might interfere with a gD func-
tion other than receptor binding.

We have modeled antibody-induced changes to gD in Fig. 10,
using MC2 and MC14 sites as examples of what happens when

FIG 8 Effect of MAbs to the C-term of gD on virus neutralization by MC2. In each experiment, serial 2-fold dilutions of MC2 were mixed either with antibody
IgGs or with a control lacking Ig (“no IgG”) and then incubated with 100 PFU of virus for 1 h at 37°C. The virus-antibody mixtures were added to Vero cells, and
plaques were allowed to develop. (A) Neutralization by MC4 or MC2 or a combination of MC4 (33.3 nM) plus MC2. (B) Neutralization by MC10 or MC2 or a
combination of MC10 (33.3 nM) plus MC2. (C) Neutralization by BD66 or MC2 or a combination of BD66 (80 nM) plus MC2. (D) Neutralization by DL6 or
MC2 or a combination of DL6 (80 nM) plus MC2. The results are expressed as percentages compared to the no-Ig control. Results of a representative experiment
are shown; each antibody was tested a minimum of three times.
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MAbs such as MC2 and MC14 bind. For the sake of simplicity, we
did not include MC5 or MAbs to the C-term such as MC4 and
MC10. We hypothesize that MC2 and MC5 neutralize virus by
occluding residues needed to trigger later events. To test our hy-
pothesis, we studied the properties of these MAbs in more detail.
First, we found that binding of receptors to gD was modestly en-
hanced by binding of MC5 to gD but was dramatically enhanced
by binding of MC2 to gD. This led us to propose that gD is nor-
mally in a “closed conformation,” with the C-term bound to the
core of gD (Fig. 10A). Binding of MC2 induces the C-term of
gD2(306) to assume an “open” conformation similar to that
caused by receptor (Fig. 10B). MC2 interferes with post-receptor-
binding events that are critical for triggering virus-cell fusion.
Based on previous results (2), we think that MC2 binds to and
masks the gH/gL interaction domain (Fig. 10). Antibodies to res-
idues along the C-term such as MC14 also cause gD to assume an

open conformation, thereby enhancing the binding of both
HVEM and nectin-1. We believe that this is the first report of
anti-gD antibodies that neutralize HSV without blocking the
binding of one or both of its receptors. It is also the first report
showing that MAbs to gD can enhance receptor binding.

Second, we found that the epitopes for MC2 and MC5 are
distinct from each other, as shown by three kinds of data: (i) MC2
is type 2 specific and MC5 is type common; (ii) MC2 can bind a
form of gD truncated to amino acid 234, whereas MC2 cannot
bind this form but does bind a form truncated at amino acid 250;
and (iii) biosensor data show that MC2 and MC5 can bind to gD at
the same time (no competition). We cannot precisely map where
they bind, since both are conformation dependent, and we were
unable to generate mar mutants for either MAb. Thus far, our data
suggest that a portion of the MC5 epitope is found downstream of
residue 250 but may involve amino acids surrounding amino acid

FIG 9 Effect of MAb MC14 on the rate of virus neutralization by DL11 or MC2. (A and B) Neutralization with antibody concentrations. Comparison of DL11
plus or minus 80 nM MC14 (A) versus MC2 plus or minus 80 nM MC14 (B). In each experiment, serial 2-fold dilutions of DL11 or MC2 were mixed either with
MC14 or with a control lacking Ig and then incubated with 100 PFU of virus for 1 h at 37°C. The virus-antibody mixtures were added to Vero cells, and plaques
were allowed to develop. The results are expressed as percentages compared to the control lacking Ig. (C and D) Kinetics of neutralization. For this assay, the
concentrations of MAbs were fixed and the time during which MAbs and virus were incubated was adjusted (0 to 60 min). At each time point, the virus-antibody
mixture was rapidly diluted in growth medium and added to cells to measure the virus neutralization over time. The results are plotted as V/V0, where V is the
number of plaques remaining at each time point and V0 is the number of plaques at time zero. This number was plotted against time. A straight-line relationship
between V/V0 and time represents first-order kinetics, and the slope of the line represents the rate of virus neutralization. Results of a representative experiment
are shown; each antibody was tested a minimum of three times.
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77, which is near residue 250 in the 3-dimensional structure. In
the case of MC2, a portion of its epitope is between amino acids
234 and 250. Because MC2 is type 2 specific and residue 246 is the
only residue that differs between 234 and 250 of gD1 and gD2, we
speculate that it is critical for the MC2 epitope. However, further
experiments need to be done to define other amino acids involved
in binding of both MC2 and MC5.

Enhancement of receptor binding by MC14 and other MAbs.
To our surprise, we found that binding of gD to a receptor is
significantly enhanced not only by MC2 but also by several non-
neutralizing MAbs, including MC14 as well as its sister MAbs
MC4 and MC10, all of which recognize and bind to residues 262 to
272 in the C-term (Fig. 10B and C). In addition, receptor binding
is enhanced by other MAbs, such as DL6, whose epitopes are along
the C-term of gD, but these MAbs do not enhance the effect of
MC2. It should be noted that none of these MAbs would be pre-
dicted to interfere with receptor binding, and the fact that they do
not neutralize virus infection or neutralize only weakly means that
they do not block a downstream function. However, we believe
that our general hypothesis explains why particular MAbs en-
hance receptor binding, i.e., they all cause the C-term to move
away from gD and “open up” the receptor-binding sites (Fig.
10C).

Which function in the pathway to fusion is blocked by MC2?
Previously, we proposed that HSV-induced cell fusion occurs in a
series of steps that ultimately activate gB into a fusogenic state (2).
Movement of the gD C-term also reveals a domain that activates
downstream steps, the first of which we proposed to be an inter-
action with gH/gL. This interaction with gD activates gH/gL into a

form that enables it to help convert gB into a fusogenic state.
Briefly, cells engineered to express nectin-1 and transfected to
express gB could be triggered to fuse by addition of soluble forms
(ectodomains) of gD and gH/gL. This experiment showed that
neither gD nor gH/gL needs to be membrane bound to function.
We further showed that brief exposure of nectin-1-bearing cells
transfected to express gH/gL to soluble gD enabled those cells to
fuse with cells transfected to express gB. Together, these results
suggested that the pathway to fusion consists of three major steps:
(i) binding of gD to receptor; (ii) activation of gH/gL by receptor-
activated gD; and (iii) activation of gB into a fusogen by activated
gH/gL. Although MC2 could interfere with either step i or ii, we
currently favor the idea that it interferes with the interaction be-
tween gD and gH/gL. Thus far, using the technique of bimolecular
complementation (24, 25), we have found that MC2 blocks the
interaction between half-enhanced-yellow-fluorescent-protein
(EYFP)-tagged forms of gB and gH/gL as well as fusion (data not
shown and reference 3). However, when we used half-EYFP-
tagged forms of gD and gH along with untagged gB and gL, we
detected an interaction between gD and gH/gL, as evidenced by
EYFP fluorescence, but fusion was blocked (3). This might imply
that there is an unstable interaction between gD and gH/gL and
that forming the irreversible EYFP-complemented complex
might block the ability of gH/gL to activate gB. However, it could
also mean that the complex formed in this setting did not repre-
sent the appropriate one to trigger gB to cause fusion. In any event,
we were unable to use this technique to assess the ability of MC2 to
block an interaction between gH/gL and gD that would lead to
fusion. Alternative approaches are being explored to determine

FIG 10 Model depicting the receptor-binding and fusion activation domains of gD relative to the MC2 and MC14 epitopes. The Ig-like core of gD (residues 56
to 184) is represented as a disc. Each side of the disc represents a distinct protein interaction site. One side of gD interacts with cellular receptors (i.e., nectin-1),
while the opposite side interacts with downstream elements of the HSV membrane fusion machinery (i.e., gH/gL). The C terminus (residues 240 to 306) is
depicted as a red line extending from one side of gD to the other around the base of the Ig-like gD core. The MC2 and MC14 epitopes are represented by a blue
oval and a green rectangle, respectively. (A) Native gD with the C terminus positioned across the nectin-1 binding site. In this conformation, receptor access is
subjected to competition by the gD C-term. (B) The binding of either MC2 (shown) or MC14 to gD alters the gD conformation such that receptor binding is
enhanced. The most likely explanation is that the C-term is displaced from its native conformation (movement is shown by the blue arrow). (C) When MC2 and
MC14 are both bound to gD, the effect on gD structure is more profound. One manifestation of this structural alteration is an even greater increase in nectin-1
binding. We hypothesize that the neutralizing activity of MC2 is a result of the proximity of its epitope to the fusion activation site. Perhaps MC14 augments
MC2-mediated neutralization by imposing additional conformational constraints on the fusion activation domain. Alternatively, MC14 may simply enhance
MC2 binding or Ab:Ag complex stability.
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whether MC2 blocks a functional interaction between gD and
gH/gL or another downstream event that normally leads to fusion.

It is of some interest that those MAbs that neutralize by
blocking receptor binding appear to cluster on one face of the
three-dimensional structure of gD, the same face where recep-
tors bind, whereas MC2 and MC5 bind to epitopes on the op-
posing face (Fig. 1B and 10). We suggest that the uncovered
residues of the gD core directly contact a site on gH/gL that
upregulates its activity (2).

The combination of MC2 with MC14 enhances neutraliza-
tion by MC2. It was previously noted that antibodies to two dis-
tinct epitopes on gD can behave synergistically, but in that exper-
iment, both antibodies blocked receptor binding, i.e., H170
(group VII) blocked binding of HVEM and H128 (group 1b)
blocked both. We know from earlier studies that group VII and 1b
MAbs do not compete with each other (11, 13, 17, 36). Here, we
found an enhancing effect on both the extent and rate of neutral-
ization by combining the neutralizing MAb MC2 with a nonneu-
tralizing MAb such as MC4, MC10, or MC14. This indicates that
nonneutralizing MAbs can contribute, albeit indirectly, to the
overall neutralization seen in a polyclonal response to gD. The
data suggest that binding of these nonneutralizing antibodies al-
ters gD structure such that access of receptors is enhanced (Fig.
10). Since the MC2 epitope appears to be located away from
receptor-binding sites, we suggest that MC14 allows better expo-
sure of the MC2 epitope on gD, thereby accounting for the en-
hanced effect on the extent and rate of neutralization.

Virus neutralization by antibodies that block receptor bind-
ing. Interference with receptor binding is a common mechanism
by which antibodies block virus infection (49, 61). For instance, a
previous study showed that a combination of neutralizing human
MAbs against severe acute respiratory syndrome (SARS) corona-
virus acted synergistically by targeting different epitopes of the
spike (S) protein (61). However, the authors of that study did not
determine whether any MAbs allowed receptor binding and did
not examine whether the MAbs interfered with a preattachment
step or one that occurred after attachment. In a recent study, Sabo
et al. studied a large panel of MAbs to the attachment protein of
hepatitis C virus (45) and found some that blocked preattachment
and others that blocked at a postattachment step. In that study, the
receptor was not known, so one does not know which of the MAbs
interfered with receptor binding itself. In our studies, we have
been able to determine which MAbs to gD interfere with receptor
binding and which do not. We did not test pre- versus postattach-
ment effects of these MAbs, because attachment to the cell surface,
as opposed to receptor binding, is largely due to interaction of the
virus with heparan sulfate (5, 23, 53). However, since the neutral-
ization assays were done on Vero cells, the effect of these MAbs did
not depend on a step that occurs only in endosomes, since virus
entry into Vero cells occurs at the plasma membrane (34).

Neutralization of other viruses by other antibodies that
block at a post-receptor-binding step. For other enveloped vi-
ruses, there are a number of reports of MAbs that block entry at a
post-receptor-binding step, e.g., ones directed at SU, the murine
leukemia virus (MuLV) receptor-binding protein (7). In this case,
the antibodies are thought to block interactions between the
receptor-binding protein and the fusion protein that are impor-
tant for triggering fusion. Indeed, it has been recognized for a
number of years that virus neutralization can occur both at the
receptor-binding step and at any other step that precedes “the first

major biosynthetic event in the viral replicative cycle” (26). Since
many viruses are taken into endocytic compartments, bound an-
tibodies are also taken into the cell, allowing them to act not just at
the cell surface but “inside” the cell. For example, Vogt et al. (56,
57) showed that certain MAbs to West Nile virus (WNV) neutral-
ize at a postattachment step. Moreover, as Klasse and Sattentau
stress (26), the mechanisms of neutralization should block an
event in the replicative cycle and the kinetics of neutralization may
vary due to differences in which event is blocked.

Recently, an MAb (E53) to WNV envelope protein E was dis-
covered to block the acid-catalyzed fusion step required for release
of the nucleocapsid from the endocytic compartment it is taken
into (54). It does so by binding to the fusion loop of the E protein,
thereby preventing WNV from binding to the membrane bilayer.
In another study with this MAb, it was discovered that the kinetics
of neutralization between the virus and MAb increased over the
time of incubation (43). Those authors suggested that the MAb
actually engages an epitope (the fusion loop) that is not well ex-
posed on the virion surface. In their study, they examined the
kinetics of neutralization by incubating the virus and MAb for
many hours. According to our hypothesis, MAbs that enhance
receptor binding to gD cause the C-term of gD to move, thereby
making receptor-binding sites more accessible. Perhaps we may
find that the kinetics of MC2 or of the combination of MC2 with
MC14 is no longer linear if we extend the time of incubation from
1 h to a longer period.

Some gD mutants can bind alternative receptors. How can
we reconcile them with our hypothesis regarding open and
closed forms of the C-term? Other studies have shown that large
portions of gD can be deleted and replaced by domains that bind
new receptors (9). This has led to some skepticism about our
model for receptor-induced activation of gD. A recently published
study of gD bound to nectin-1 (16) pointed out that, even when a
large portion of the gD core was replaced with a single-chain an-
tibody, the N- and C-terminal extensions to the Ig core were
maintained. Thus, the regions of gD that are needed for its activa-
tion and binding to other viral glycoproteins may still be main-
tained in this hybrid construct. Therefore, we predict that even in
these cases, receptor binding would necessitate displacement of
the C-term. This could be tested by measuring the affinity of these
mutated forms of gD for their receptors when the C-term is pres-
ent and when it is absent. The resulting virus was highly attenu-
ated, and it was found that “HSV evolved to unmask the gD C
terminus only upon receptor binding to ensure efficient tropism
in the host.”

Such studies are beyond the scope of the present report but are
ones that should be considered, particularly by those who are in-
terested in using gD with altered receptor tropism for gene ther-
apy. By knowing whether displacement of the C-term is always
needed for gD to activate downstream events, one could predict
which type of receptor-binding residues would be likely to pro-
duce a form of gD that was functional.

Finally, we believe that our hypothesis of how MC2 functions is
well supported by ultrastructural studies that imply that the
C-term of gD must move out of the way in order for nectin-1 to
bind and for gD to form the loop that binds HVEM (10, 16, 30).
One caveat is that MC2 might prevent binding of the C-term to
gH/gL or gB, not necessarily linked to the displacement of the
C-term, but as a consequence of a local perturbation. Likewise,
MC14 might alter the capacity of receptor-bound gD to bind
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gH/gL and/or gB. The latter possibility, though not yet tested,
would be important to explore. Ultimately, however, it would be
of great value to know how the structure of gD bound to neutral-
izing MAbs that block receptor binding, e.g., DL11, compares
with the structure of gD2 bound to MC2 and how the latter struc-
ture compares with those of gD bound to nectin-1 and gD bound
to HVEM. Such structures are clearly ones we would be greatly
interested in knowing and would help us understand much more
about how MC2 works.
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