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Background. The glycoprotein D (gD)/AS04 vaccine failed to prevent herpes simplex virus (HSV) 2 in clinical trials. Failure was 
recapitulated in mice, in which the vaccine elicited neutralizing antibody but not antibody-dependent cell-mediated cytotoxicity 
(ADCC) responses. Preclinical findings suggest that ADCC is important for protection, but the clinical data are limited. We 
hypothesized that gD/AS04 and acute HSV-2 infection elicit primarily neutralizing antibodies, whereas ADCC emerges over time.

Methods. HSV-specific immunoglobulin G, subclass, function (neutralization, C1q binding and ADCC), and antigenic targets 
were compared (paired t test or Mann-Whitney U test) at enrollment and after gD/AS04 vaccination, before and after HSV-2 
acquisition in vaccine controls, and in an independent cohort with chronic HSV-2 infection.

Results. Vaccination elicited only a neutralizing antibody response, whereas acute infection elicited neutralizing and C1q- 
binding antibodies but not a significant ADCC response. Antibodies to gD were exclusively immunoglobulin G1 and only 
neutralizing. In contrast, women with chronic HSV-2 infection had significantly greater ADCC responses and targeted a broader 
range of viral antigens compared with acutely infected or gD/AS04 vaccine recipients (P < .001).

Conclusions. Results from gD/AS04 vaccinated or acutely infected women recapitulate murine findings of limited functional 
antibody responses, supporting the speculation that vaccines that generate polyfunctional and specifically ADCC responses may 
be required to prevent HSV-2 acquisition and limit recurrences.
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Herpes simplex virus 1 and 2 (HSV-1 and HSV-2) are significant 
global health problems, disproportionately affecting developing 
countries and fueling the human immunodeficiency virus (HIV) 
epidemic [1–4]. HSV-2 is the leading cause of primary and re
current genital disease worldwide, although HSV-1 has emerged 
as a common cause of primary genital infection in developed 
countries [2, 3]. Perinatal transmission, which is most often as
sociated with unrecognized viral shedding of either serotype, can 
result in severe infant disease or death. Acyclovir and related 
drugs effectively treat disease and suppress clinical recurrences 
but do not prevent viral reactivation or eliminate latent viral res
ervoirs, highlighting the need for vaccines.

HSV vaccine efforts have been predicated on the presump
tion that neutralizing antibodies that target glycoprotein D 
(gD) are protective. However, results clinical trials with a vac
cine comprising HSV-2 gD and the Toll-like receptor 4 agonist 
3-O-desacyl-4’-monophosphoryl lipid A and aluminum salt 
(gD/AS04), which elicited neutralizing antibodies, were disap
pointing [5]. Two trials in serodiscordant couples in which the 
infected partner had a history of recurrent genital herpes result
ed in overall efficacy against genital disease of 38% (95% confi
dence interval [CI], −18% to 68%) and 42% (−31% to 74%), 
respectively [5]. Subset analyses suggested that gD/AS04 was 
approximately 70% protective in doubly seronegative 
(HSV-1–seronegative/HSV-2–seronegative) women but pro
vided no protection in HSV-1–seropositive women or in men 
regardless of serostatus. However, in the subsequent field study, 
which enrolled only HSV-1–uninfected/HSV-2–uninfected 
women, the vaccine did not protect against genital disease (ef
ficacy, 20% [95% CI, −29% to 50%]) [6].

Subset analyses demonstrated some protection against 
HSV-1 infection (efficacy, 35% [95% CI, 13%–52%]) and symp
tomatic genital HSV-1 disease (58% [12%–80%]) but no protec
tion against HSV-2 infection or disease (−8% [−59% to 26%]) 
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[6]. Protection against HSV-1 was correlated with gD binding 
and neutralizing antibodies but not with cellular immune re
sponses. Neutralizing antibody titers (without complement) 
were 3.5-fold higher against HSV-1 compared with HSV-2 in 
a substudy with serum samples from 30 vaccinated participants 
[7], although a different substudy using a microneutralization 
assay with 10% guinea pig complement showed no significant 
serotype difference in neutralization titers [8]. Other antibody- 
mediated immune mechanisms including antibody-dependent 
cell-mediated cytotoxicity (ADCC), C1q binding and 
complement-dependent cytolysis, were not assessed in any of 
the gD/AS04 trials. Notably, an earlier trial with an adjuvanted 
gD and glycoprotein B (gB) subunit vaccine (gD-gB/MF59), 
which generated neutralizing antibody but no ADCC responses, 
also failed to protect against HSV-2 [9]. These findings support 
the hypothesis that polyfunctional antibody responses, specifi
cally ADCC, may be required for protection against HSV-2 
and for optimal protection against HSV-1 [10].

The potential importance of ADCC is further suggested by 
preclinical studies comparing gD/AS04 with a single-cycle can
didate vaccine deleted in HSV-2 gD (designated ΔgD-2) [11, 
12]. In studies with male and female mice, ΔgD-2 provided sig
nificantly greater protection than gD/AS04 against lethal chal
lenge with clinical isolates of HSV-1 or HSV-2 [13–16]. The 
gD/AS04 vaccine as well as primary sublethal HSV-1 or 
HSV-2 infection elicited neutralizing antibody but little or no 
ADCC response [13, 17]. In contrast, ΔgD-2 elicited high titer 
HSV-specific antibodies that activated Fc gamma receptors 
(FcγRs) and bound C1q to mediate ADCC and complement de
pendent cytolysis, respectively [11, 12, 15–18]. Mechanistic 
studies designed to determine why ΔgD-2 but not gD protein 
vaccines or primary infection elicited a vigorous ADCC re
sponse identified an unrecognized immune evasion strategy. 
Specifically, gD blocks interactions between herpesvirus entry 
mediator (HVEM), an immunomodulatory molecule ex
pressed by immune cells, and its ligands to disrupt the genera
tion and function of ADCC responses [14].

To explore how well mouse models recapitulate clinical re
sponses to gD/AS04 and to better define the response to acute 
and chronic HSV-2 infection, we quantified total, neutralizing, 
ADCC, and C1q-binding antibodies in a subset of women who 
participated in the Herpevac clinical trial [6]. We compared the 
response in women who received gD/AS04 and did not acquire 
HSV (vaccine response) with that in women who received the 
control hepatitis A virus (HAV) vaccine and subsequently ac
quired genital HSV-2 disease (acute infection). We hypothe
sized that gD/AS04 and acute HSV-2 infection would elicit a 
predominantly neutralizing antibody response with little or 
no ADCC. However, we speculated that, over time, the magni
tude, breadth, and functionality of the humoral response would 
expand with a boost in ADCC responses, reflecting ongoing an
tigenic stimulation from repeated exposures to reactivating 

virus as well as the ability of gD-binding antibodies, generated 
in response to acute infection, to overcome the gD-HVEM im
mune evasion strategy. Because longitudinal samples were not 
available beyond 20 months after enrollment in the Herpevac 
participants, we took advantage of the Bronx Women’s 
Interagency Study (WIHS) biorepository to assess antibody re
sponses in chronic HSV-2 infection. This also provided the op
portunity to compare HIV-uninfected and HIV-infected 
women, as HIV may affect quantitative and functional anti
body responses.

METHODS

Study Populations

HSV-1–uninfected/HSV-2–uninfected women 18–30 years of 
age participated in the Herpevac field trial and were randomly 
assigned to receive gD/AS04 or HAV vaccine at months 0, 1, 
and 6 [6]. For the current study, serum samples from enroll
ment and month 7 were obtained from gD/AS04 vaccine recip
ients who remained HSV-1 or /HSV-2 seronegative by Western 
blot (except for vaccine-induced gD antibodies) (n = 15 in total; 
5 paired samples and 10 additional month 7 samples). Serum 
samples were also obtained at enrollment and approximately 
6 months after acquisition of HSV-2 genital disease (acute in
fection) in 18 women in the HAV vaccine arm (5 paired sam
ples and 13 additional acute infection samples). Samples were 
selected at random based on availability. Acute HSV-2 was doc
umented by a positive genital swab culture and detection of 
HSV-2 glycoprotein G antibodies on Western blots [6].

To assess immune responses to chronic HSV-2, samples were 
also obtained from the Bronx WIHS biorepository at visits 46– 
48 (2017–2018) from 18 HIV-uninfected and 30 HIV-infected 
women. HSV-2 seropositivity was confirmed using the 
HerpeSelect type-specific HSV immunoglobulin (Ig) G qualita
tive assay (Focus Diagnostics) with plasma from visits 44 (2016). 
Data extracted from the WIHS database included demograph
ics, recent history of genital herpes recurrences or genital lesions 
and, for HIV-infected participants, HIV plasma viral load and 
CD4 cell count. The study was approved by the Albert 
Einstein College of Medicine Institutional Review Board.

IgG Responses

HSV-specific IgG, IgG1, and IgG3 were quantified by means 
enzyme-linked immunosorbent assay (ELISA) as described 
elsewhere, with species-specific modifications [12, 16]. ELISA 
plates were coated overnight with Vero cell lysates harvested 
24 hours after infection with HSV-2 (4674) (clinical isolate) 
at a multiplicity of infection of 0.1 plaque-forming unit per 
cell or uninfected Vero cell lysates. Wells were blocked with 
5% bovine serum albumin and then incubated with serial dilu
tions of serum in duplicate wells. Bound human IgG, IgG1, or 
Ig3 was quantified using specific horseradish peroxidase 
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(HRP)–labeled secondary antibodies (Thermo Fisher 
Scientific). The dilution that yielded a 50% reduction in maxi
mal optical densitometry units after subtracting the units ob
tained for uninfected cell lysates was determined for the 
study population and results reported as optical densitometry 
units at that dilution (1:10 000 for anti-HSV IgG and 1:1000 
for IgG1 and IgG3). To quantify gD-specific antibodies, the 
plates were coated with recombinant gD-2 protein [16]. Total 
IgG concentration was quantified using a commercial ELISA 
(IgG [Total] Human ELISA kit; Thermo Fisher Scientific).

Functional Assays

Neutralization was assessed by plaque reduction assay. HSV-2 
(4674) (75–100 plaque-forming units) was incubated with 
2-fold serial dilutions of heat-inactivated serum for 1 hour be
fore inoculating Vero cells. Plaques were counted after 48 hours, 
and the dilution that yielded a 50% reduction in plaque-forming 
units relative to cells infected without serum was determined. 
Neutralization titers for a subset of Herpevac trial participants 
were determined using a microneutralization assay described 
elsewhere [8]. ADCC was assayed (1:5 dilution of serum in du
plicate) using the ADCC FcγRIIIa (human) Reporter Bioassay 
(Promeg) with HSV-2 (4674)–infected Vero cells as targets. 
Fold induction was calculated relative to luciferase activity in 
the absence of serum after subtracting the background for unin
fected cells. C1q binding was assayed by means of ELISA [18]. 
Plates were coated with HSV-2 (4674)–infected (or uninfected) 
lysates, blocked, and then incubated with 5-fold serial dilutions 
of heat inactivated serum followed by 2-hour incubation with 
1 μg/mL of human C1q (Complement Technology), and bound 
C1q was then quantified with 1 μg/mL of HRP-labeled anti-C1q 
antibodies (Complement Technology). The dilution that yield
ed a 50% reduction in maximal optical densitometry units after 
subtracting the unit for uninfected cell lysates for the study pop
ulation was 1:25, and results are reported as optical densitome
try units at that dilution.

Western Blots

Western blots were performed with 5 μg of gD protein or 10 µg 
of HSV-2 (4674)–infected or uninfected Vero cell lysates per 
lane as the immunogen. Blots were blocked for 2 hours with 
5% milk in phosphate-buffered saline–Tween-20, incubated 
with serum samples containing 10 µg of IgG in blocking buffer 
overnight, and then incubated with HRP-labeled anti-human 
IgG-HRP (1:500) (BioRad no. 1721033) and scanned using a 
ChemiDoc imaging system equipped with GelDOC2000 
software Image Lab 6.0.

Statistical Analysis

Student paired or unpaired t tests, Mann-Whitney U tests, and 
Spearman correlation coefficients (SCCs) were determined us
ing GraphPad Prism version 9.1.2 software (GraphPad 

Software). Differences were considered statistically significant 
at P < .05. A forward stepwise method was performed to build 
logistic regression models using Stata software, version 15.1.

RESULTS

IgG1 Neutralizing Antibody Response to gD/AS04 Vaccine

Women in the gD/AS04 arm were slightly older than those in 
the HAV vaccine arm who acquired acute HSV-2 infection 
(mean ± standard deviation), 22.53 ± 3.62 vs 20.5 ± 1.86 years, 
respectively) and more likely to report being white (13 of 15 vs 8 
of 18) (Table 1). gD/AS04 elicited a significant increase in 
HSV-specific IgG and IgG1 but not IgG3 compared with enroll
ment serum samples (P < .001; paired t test) (Figure 1A–1C). 
The neutralizing antibody titer (microneutralization assay) in
creased from a baseline of 10 to 683 [284-1091] (median [IQR]) 
(P < .005 [paired t test]; n = 5) (Figure 2A). A subset of neutraliza
tion assays was also performed using a plaque reduction assay 
against HSV-2 (4674), but this did not alter the findings, and there 
were no significant differences in neutralization titers comparing 
samples tested in both assays (Figure 2B). In contrast to the robust 
neutralizing antibody response, the vaccine did not elicit any sig
nificant increase in C1q (P = .10) or human FcγRIIIa activation, a 
biomarker of ADCC (P = .08) (Figures 2C and D).

Failure of Acute HSV-2 to Elicit a Significant ADCC Response

Next, we assessed the response to acute HSV-2 infection in 
18 participants who received an HAV vaccine and subsequently 
acquired primary HSV-2 genital disease. Serum samples were 
obtained 6.47±3.72 (mean±SD) months after HSV-2 diagnosis 
and were compared with enrollment samples from 5 of these 
participants. Acute infection elicited a significant increase in 
HSV-specific IgG, IgG1, and IgG3 responses relative to enrollment 
serum samples (P < .001; paired t test) (Figure 1A–C).There 
was a significant increase in neutralizing (P = .04) and 
C1q-binding (P < .001) antibodies in response to acute infec
tion, but little increase in ADCC (P = .10; paired t test) 
(Figure 2A–D). Acute infection elicited lower neutralizing an
tibody titers (P < .01) and higher C1q-binding antibody titers 
(P < .001) but no differences in ADCC responses (P = .10) 
compared with the vaccine (Mann-Whitney U test). The 
HSV-specific IgG (P < .01), IgG1 (P < .001), and IgG3 (P < 
.001) levels were also significantly higher in response to acute 
infection vs gDAS04 vaccination (Figure 1). These differences 
presumably reflect exposure to other viral antigens that are 
not present in the gD subunit protein vaccine.

gD Antibody Restrictions in Subclass and Function

The observation that acute infection also elicited IgG3 and 
C1q-binding antibodies whereas vaccination only elicited 
IgG1 neutralizing antibodies suggests that gD responses may 
be restricted. To directly test this, ELISAs were conducted 
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with recombinant gD-2 protein as the capture antigen. The vac
cine elicited higher gD-specific IgG and IgG1 compared with 
acute infection (P < .001; Mann-Whitney U test), but neither 
the vaccine nor infection elicited an IgG3 gD response 
(Figure 3A). Moreover, gD-specific antibodies failed to bind 
C1q; the C1q gD-binding ELISAs were conducted with pooled 
(n = 5) serum samples obtained from vaccinated, acutely or 
chronically HSV-2–infected women (Figure 3B). Western blots 
with virally infected cell lysates or recombinant gD protein as the 
antigen- and subclass-specific secondary antibodies confirmed 
this. The gD band was detected only with an anti-IgG1 (but 
not anti-IgG3) secondary antibody. In contrast, two additional 
bands between 100 and 150 kD were detected with serum 
from acutely infected women as the primary and either 
anti-IgG1 or anti-IgG3 as secondary antibodies (Figure 3C).

Detection of ADCC Responses in Chronic HSV-2 Infection

We hypothesized that repeated exposure to virus during episodes 
of asymptomatic or clinical reactivation coupled with gD-specific 
antibodies elicited in response to acute infection, which might 

overcome the gD-HVEM interference with generating ADCC 
[14], would result in increased ADCCs over time. We took ad
vantage of the Bronx WIHS biobank and characterized HSV an
tibody responses in HSV-2–seropositive women. HSV serostatus 
is not routinely assessed at enrollment in WIHS, and thus the du
ration of HSV-2 infection is not known, but based on other stud
ies with this cohort it was likely >5 years [19, 20].

The WIHS biobank included samples from HIV-uninfected 
and HIV-infected women, and because HIV may modify im
mune responses, we compared HSV humoral responses in 
the HIV-uninfected WIHS women (chronic infection) with 
those in the acutely infected control-vaccinated women (n = 
18 each). The WIHS cohort was significantly older and differed 
in race/ethnicity (Table 1). There were no significant differenc
es in total HSV-specific IgG, neutralizing, or C1q-binding an
tibodies but the ADCC responses were significantly greater 
with chronic versus acute HSV-2 infection (Table 2 and 
Figure 4). Differences in the proportion of IgG1 and IgG3 
were also observed, with higher levels of IgG1 and lower levels 
of IgG3 with chronic infection.

Table 1. Demographic Characteristics of Study Participants

Characteristic

gD/AS04 
Vaccine 
(n = 15)

Acute HSV Infection 
(n = 18)

Chronic HSV Infection

HIV Uninfected (n = 18) HIV Infected (n = 30)

Age, mean (SD), ya 22.53 (3.62) 20.5 (1.86) 40.45 (4.54) 43.35 (4.05)

Race/ethnicity

White 13 8 0 1

Nonwhite 2 10 15 18

Hispanic 0 1 3 10

Other 0 0 0 1

HSV seropositivity 0 18 HSV-2+ 16 HSV-1+/HSV-2+; 2 HSV-2+ 18 HSV-1+/HSV-2+; 12 HSV-2+

Abbreviations: gD, glycoprotein D; HIV, human immunodeficiency virus; HSV, herpes simplex virus; HSV-1+, HSV-1 seropositive; HSV-2+, HSV-2 seropositive; SD, standard deviation.  
aSignificant difference for age across all groups (P < .001); no significant difference for group 1 versus 2 or group 3 versus 4.

Figure 1. Herpes simplex virus (HSV)–specific antibody responses in glycoprotein D (gD)/ASO4 vaccinated women who remained uninfected and controls who subsequent
ly acquired HSV-2 genital infection (primary infection). HSV-specific immunoglobulin (Ig) G (A), IgG1 (B), and IgG3 (C ) were measured at study enrollment (time A; n = 5) and at 
7 months (1 month after the third vaccine dose, time B; n = 15) in gD/AS04 vaccine recipients or at enrollment (time A; n = 5) and approximately 6 months after acquisition of 
HSV-2 genital herpes (time B; n = 18). Results are shown as optical densitometry units read at 450 nm (OD450) at 1:10 000 dilution for IgG and at 1:1000 dilution for IgG1 and 
IgG3. Abbreviation: OD450, optical density at 450 nm. The subset of paired samples (open symbols) was compared using paired t test, and responses to gD/AS04 vaccine 
versus acute infection for all samples (open and closed symbols) were compared using Mann-Whitney U test. **P < .01; ***P < .001.
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We also compared HSV antibodies in the HIV-infected and 
the HIV-uninfected women to explore whether HIV affected 
the response to chronic HSV-2 infection. There were no signif
icant differences in age, race, or ethnicity between the 2 groups 
(Table 1). The mean peripheral blood CD4 cell count in the 
HIV-infected participants was 599.8/μL (standard error of 
the mean, 46.95/μL). HIV RNA was detected in plasma in 
9 of 30 (30%) of the HIV-infected women (mean level, 
15 056 copies/mL; range, 39–75 300 copies/mL). The majority 
(27 of 30 [90%]) were receiving antiretroviral therapy, and 
25 of 27 (93%) reported >95% medication adherence. None 
of the HIV-uninfected women reported a history of genital her
pes, compared with 7 of 30 (23%) of the HIV-infected women 
(P = .04; Fisher exact test). Five reported ≥1 outbreak within 
the past year (3 reported 1 outbreak, 1 reported 2, and 1 report
ed 5). None were receiving suppressive anti-herpes therapy, 
and genital HSV lesions were not documented in any of the 

women at semiannual physical examinations between visits 
44 and 48 (2016–2018).

Because HIV is associated with hypergammaglobulinemia [21, 
22], we measured total IgG as well as HSV-specific antibodies. 
HIV-infected women had higher total IgG levels than 
HIV-uninfected women, with median (IQR) levels of 7.6 (5.7– 
10.4) versus 5.8 (4.6–7.6) mg/mL, respectively (P < .05) 
(Figure 4A). There was also a significant increase in 
HSV-specific IgG but not in IgG1, IgG3, or C1q-binding antibod
ies in HIV-infected compared with HIV-uninfected women 
(Figure 4B). There was no significant difference in the neutralizing 
antibody titer (Figure 4C), but the ADCC response was signifi
cantly greater in HIV-infected than in HIV-uninfected partici
pants (P < .01) (Figure 4D). The 5 HIV-infected women who 
reported HSV-2 recurrences within the past year (Figure 4, open 
symbols) did not differ significantly from the others. The increases 
in HSV-specific IgG and ADCC in HIV-infected versus 

Figure 2. Glycoprotein D (gD/)ASO4 vaccination and primary infection elicit neutralizing but not antibody-dependent cell-mediated cytotoxicity (ADCC) responses. A, 
Herpes simplex virus (HSV)–specific neutralization was performed using a microneutralization or plaque reduction assay (triangles only), and results are presented as th
e serum dilution that inhibited 50% of infection (IC50). (See the legend to Figure 1 for definitions of time A and time B.) B, Neutralization titers for the 2 assays were compared 
for a subset of samples (n = 6). C, C1q-binding immunoglobulin (Ig) G was quantified by enzyme-linked immunosorbent assay. Abbreviation: OD450, optical density at 450 nm. 
D, Human Fc gamma receptor (FcγR) IIIa activation was measured using a Promega human FcγRIIIa ADCC Reporter Bioassay with cells infected with HSV-2 as targets and 
serum diluted 1:5. Paired t tests were performed on the subset of paired samples as in Figure 1 (open symbols; n = 5), and Mann-Whitney U tests were performed to compare 
responses to gD/AS04 versus acute infection at time B for all samples (open and closed symbols). *P < .05; **P < .01; ***P < .001.
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HIV-uninfected women persisted when total IgG concentration, 
age, and race/ethnicity were included in a logistic regression mod
el. ADCC fold induction was correlated significantly with total and 
HSV-specific IgG (SCC, 0.3 and 0.37, respectively; P = .04 and P = 
.002, respectively). C1q binding was correlated with HSV-specific 
IgG3 (SCC, 0.39; P < .001), but neutralizing antibody titers did not 
correlate with any parameters.

Association of Chronic HSV-2 Infection With Increased Breadth of 
Antigenic Targets

Repeated exposure to HSV-2 during episodes of viral reactivation 
might also expand the antigenic repertoire. To assess this, we per
formed additional Western blots with serum from a subset (n = 3) 

of participants with acute or chronic HSV-2 infection. There was a 
clear increase in number and intensity of bands identified on 
Western blots with immune serum (10 μg of total IgG) 
from chronic (HIV-uninfected or HIV-infected) versus acute 
HSV-2 infection or gD/AS04 vaccine recipients (Figure 5). 
Immunoprecipitation of infected cell lysates with commercially 
available monoclonal antibodies confirmed the identify of gD, 
gB, and glycoprotein C (gC) with a marked increase in anti-gB 
and anti-gC antibodies in chronically infected patients. The inten
sity of the gD band was strongest in the gD/AS04 recipients.

DISCUSSION

The results with clinical trial samples recapitulate findings from 
mouse studies and demonstrate that the response to gD/AS04 is 
restricted to the generation of gD neutralizing antibodies with 
no C1q binding or ADCC response. The neutralizing antibody 
titer was greater in magnitude in the vaccine recipients than in 
women with acute or chronic infection indicating that gD/ 
AS04 achieved its goal. Thus, the lack of efficacy against 
HSV-2 supports the notion that gD- neutralizing antibodies 
are not sufficient for protection. This may be attributed in 
part to the ability of HSV to spread across intercellular junc
tions and thereby escape neutralization as well as other im
mune evasion strategies [23, 24]. In addition, a recent study 
noted that the neutralizing antibody response to gD/AS04 
was short-lived [25]. We found that neutralizing antibodies 
persist, although there was a nonsignificant decrease in the neu
tralization titer (P = .054) in samples from chronically infected 
compared with acutely infected women.

The notion that neutralizing antibodies are not sufficient for 
HSV-2 prevention is supported by the clinical trial outcomes 

Figure 3. Anti–glycoprotein D (gD) antibodies are predominantly immunoglobulin (Ig) G1 subclass and do not bind to C1q. A, Anti-gD IgG1, IgG1, and IgG3 were quantified 
by means of enzyme-linked immunosorbent assay (ELISA) using plates coated with gD-2 protein (1:10 000 dilution for IgG and 1:1000 for IgG1 and IgG3). ***P < .001 (t test 
comparing gD/AS04 vaccine vs acute infection). Abbreviation: OD450, optical density at 450 nm. B, gD-specific C1q-binding antibodies were measured by ELISA, with 5 sam
ples from each group at dilutions of 1:5, 1:25, and 1:125. Abbreviation: HIV−, human immunodeficiency virus (HIV) uninfected; HIV+, HIV infected. Results are means with 
standard deviation C, Western blots were performed with 10 µg of herpes simplex virus (HSV) 2 (4674)–infected Vero cell lysates (HSV) or 5 μg of gD-2 protein (gD) per lane as 
the antigen and probed with pooled immune serum (n = 3) containing 10 μg/mL of IgG from gD/ASO4 vaccine recipients or participants with acute infection using anti-IgG1 or 
anti-IgG3 secondary antibodies.

Table 2. Comparison of Humoral Responses in Women With Acute Versus 
Chronic Herpes Simplex Virus 2 Infection 

Response
Acute HSV-2 

Infection
Chronic HSV-2 

Infectiona
P 

Valueb

HSV IgG, OD450  

(1:10 000 dilution)
1.5 (1.2–1.9) 1.5 (1.3–1.8) .95

HSV IgG1, OD450 

(1:1000 dilution)
1.8 (1.3–2.4) 2.6 (2.1–2.7) .01

HSV IgG3, OD450 

(1:1000 dilution)
1.0 (0.8–1.1) 0.7 (0.4–0.9) .03

Neutralization titerc 214 (156–381) 124 (74–230) .054

C1q binding Antibodies, 
OD450 

(1:25 dilution)

1.0 (0.9–1.2) 0.9 (0.4–1.4) .33

ADCC, fold induction 1.6 (0.7–2.3) 5.7 (4.9–9.1) <.001

Abbreviations: ADCC, antibody-dependent cell-mediated cytotoxicity; Ig, immunoglobulin; 
HSV, herpes simplex virus; OD450, optical densitometry units read at 450 nm. Data 
shown as median (IQR).  
a

Including only participants without human immunodeficiency virus infection.  
b
P values determined using Mann-Whitney U test.  

c

Neutralization titer is defined as the dilution of serum that inhibits 50% of viral plaques.

1494 • JID 2022:226 (1 November) • Mahant et al



with gD-gB/MF59 and gDAS04 vaccines. Both vaccines elicited 
significant neutralizing antibody but no ADCC response and 
failed to prevent HSV-2 infection [9, 10]. ADCC also has 
been suggested to play a role in limiting neonatal disease. In 
a study of 47 infants with HSV disease, higher ADCC antibody 
levels were associated with protection against disseminated 
HSV disease, even after controlling for the level of neutralizing 
antibody [26].

Notably the gD/AS04 vaccine elicited IgG1 but not IgG3 an
tibodies. The IgG1 response appears to be a characteristic of the 
antigen, since gD antibodies generated by infection were also 
restricted to the IgG1 subclass and did not bind C1q. In addi
tion to IgG gD-specific antibodies, acute infection elicited addi
tional IgG1 and IgG3 responses that recognized other viral 
antigens and bound C1q. We focused on IgG1 and IgG3 sub
classes because they have significantly greater affinity for C1q 
and FcγRs compared with IgG2 and IgG4. IgG1 accounts for 
the majority of total serum immunoglobulin, but monomeric 
IgG3 binds more efficiently than IgG1 to FcγRIIa, FcγRIIIa, 

and FcγRIIIb, which mediate antibody-dependent killing. 
Moreover, complexed IgG3 binds more efficiently than IgG1 
to neonatal FcRs, which play an important role in transport 
of IgG into the female genital tract and across the placenta 
[27]. We speculate that the IgG3 antibodies contributed to 
C1q binding, as suggested by the significant positive correlation 
between HSV IgG3 and C1q.

There was a small and nonsignificant ADCC response to 
acute infection, which recapitulates results in mice [13, 17]. 
However, higher ADCC responses and an increase in the 
breadth of antigenic targets were detected in samples from 
chronically HSV-2–infected women. The generation of 
ADCC may have been facilitated by the presence of gD anti
bodies, which could overcome the ability of gD to block the 
generation of subclass switched ADCC antibodies through en
gagement of HVEM [14]. This notion is supported by the ob
servation that sublethal infection of mice with a virus 
expressing a gD that is deleted for the HVEM-binding domain 
elicited more ADCC than in mice infected with the repaired virus 

Figure 4. Antibody responses in chronic herpes simplex virus (HSV) 2 infection in human immunodeficiency virus (HIV)–uninfected (HIV−) and HIV-infected (HIV+) women. A, 
Samples from HIV− and HIV+ women were assayed for total IgG. B, HSV-specific immunoglobulin (Ig) G, IgG1, IgG3, and C1q-binding antibodies assayed by enzyme-linked 
immunosorbent assay. Abbreviation: OD450, optical density at 450 nm C, Neutralization titers assayed by plaque reduction assay. Abbreviation: IC50, serum dilution that 
inhibited 50% of infection. D, Antibody-dependent cell-mediated cytotoxicity (ADCC) assessed using a Promega human FcγRIIIa (Fc gamma receptor IIIa) ADCC Reporter 
Bioassay and expressed as fold induction. Open symbols represent women who reported HSV-2 recurrences within the previous 12 months. *P < 0.5; **P < 0.01 (Mann- 
Whitney U test).
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[14]. The precise targets of the ADCC response in humans have 
not yet been determined, although mouse studies identified gB 
as one of several ADCC targets [14], and Western blots showed 
an increase in gB-specific antibodies in chronic infection.

Possibly, the generation of ADCC, combined with matura
tion of T-cell responses, contributes to the decrease in clinical 
recurrences and viral shedding that is observed after the first 
year following HSV-2 infection [20, 28]. Determining how pro
tective ADCC is, however, will require further study. Protection 
will depend not only on the quantity of ADCC antibodies but 
also the ability of effector cells, typically natural killer cells, to 
mediate cytolysis. Natural killer cell function may be impaired 
in HIV infection [29] and this (along with other differences in 
HIV-infected and HIV-uninfected women) may contribute to 
the observation that despite higher ADCC responses, the 
HIV-infected women reported more clinical recurrences than 
the HIV-uninfected women. More frequent recurrences in 
HIV-infected individuals may also reflect impaired T-cell func
tion, which play important roles in maintaining HSV latency 
[30]. Boosting of antibodies to other viral proteins such as gC 
and glycoprotein E (gE) may also contribute to increased pro
tection over time, as both have immune evasion properties in
terfering with complement activation (gC) and binding to Fc 
regions of antibodies (gE) [31–33].

Limitations of the current study include the use of 2 cohorts, 
which differed in age and other demographics, sample size, and 
the absence of prospective data on viral shedding and clinical 
recurrences. More precisely defining the kinetics of the 

development of different functional antibody responses will re
quire future study. However, the findings that gD/AS04 vaccine 
elicited only a neutralizing antibody response and that ADCC 
takes time to develop after acute infection support the conten
tion that vaccine strategies that generate polyfunctional and 
specifically ADCC responses may prove more effective in pre
venting HSV-2 acquisition, limiting viral spread, and decreas
ing the frequency of clinical recurrences.
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