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ABSTRACT Many, but not all, infants born to mothers
infected with the human immunodeficiency virus (EIV) are
infected in utero. We have now shown that mothers who have
high-affiity/avidity antibodies directed toward the principal
neutralizing domain (PND) of gpl20 are less likely to transmit
HIV to their children. An ELISA that preferentially measures
the level of the biologically functioning, high-affinity/avidity
antibodies against PND is described. In a retrospective study of
15 maternal/neonatal serum samples, the assay correctly
identified the 4 uninfected and the 11 HIV-infected infants.
Other clinical and laboratory parameters such as p24 antigen,
phytohemagglutinin mitogenic index, and absolute surface
antigen T4' cell counts did not accurately predict HIV fetal
transmission. In addition to introducing a promising diagnostic
tool, this study provides the in vivo evidence that protective
antibodies may prevent infection by HIV.

The vast majority of human immunodeficiency virus (HIV)-
infected children are born to HIV-infected mothers. Substan-
tial evidence exists to support in utero HIV transmission (1,
2). However, not all pregnancies in HIV-infected women
result in an infected baby. The rate of maternal/fetal trans-
mission ranges from 25% to 65% (2-4). The identification of
factors that influence this mode of transmission is critical.
Recent studies (5, 6) suggested a potential correlation be-
tween the prevalence of maternal antibodies against amino
acid sequences from the viral gpl20 and transmission ofHIV
from infected mothers to their newborns. Broliden et al. (5)
and Rossi et al. (6) showed that 31% and 46%, respectively,
of healthy neonates born to HIV-infected mothers had ma-
ternal antibodies directed against the hypervariable region of
gpl20 derived from the HTLV-IIIB strain. In contrast, sera of
infected neonates generally failed to immunoreact with the
same regions. Although the correlations reported were less
than optimal, these studies did point to the potential of using
site-directed serology to pinpoint critical factor(s) in the
maternal immune response.
A region within the external envelope glycoprotein ofHIV,

between amino acids 296 and 331, has been shown to be
critical for neutralization of the virus. This region is known
as the principal neutralizing domain (PND; refs. 7-17, ¶).
These amino acid sequences contain a highly conserved
amino acid ,8-turn tetramer, Gly-Pro-Gly-Arg, with variable
sequences on both sides of the 3-turn (10-14, 17). Extensive
sequence variation within the PND among known isolates
exists. However, it was recently shown that the majority of
HIV-infected individuals respond immunologically to viruses
antigenically related to HTLV-IIIMN (15). Direct analysis of
PND sequences from field isolates confirmed that the sero-
prevalence of the HTLV-IIIMN sequence family was a true
reflection of the infecting strain of HIV (18, ¶).

Previously reported PND ELISAs (5, 6, 15, 17) and other
peptide ELISAs (15) maximized antibody reactivity. Under
such conditions, high levels of cross-reaction among diver-
gent PND antigens occurred (15). The present study used an
ELISA that preferentially detects high-affinity/avidity anti-
bodies toward the PND. Such antibodies are more reflective
of the biologically relevant events.
A retrospective analysis of 15 maternal/neonatal pairs, all

with defined clinical outcomes, demonstrated that all 11
infected neonates as well as their mothers had only weak
reactivity in the antigen-limited PND ELISA. On the other
hand, the sera of 4 uninfected neonates and 3 of 4 of their
mothers demonstrated strong reactivity in the ELISA. Other
clinical and laboratory parameters [p24 antigen, phytohemag-
glutinin (PHA) mitogenic index, and absolute T4' (surface
antigen) cell count] were not predictive of fetal HIV infec-
tion.

MATERIALS AND METHODS
Patients. Eleven of the 15 pregnant women studied at the

Albert Einstein College of Medicine were known to be drug
abusers. Four women had as their only admitted risk factor
heterosexual contact with a male with a known risk factor(s)
for AIDS. Three of these male sexual partners were tested
and found to be serologically positive for HIV. Blood sam-
ples were obtained from most of the women at delivery or
within the 3 weeks prior to delivery. For 1 woman who
delivered in a different hospital, only one sample from week
18 of pregnancy was available. Cord blood-derived sera and
infants' sera obtained up to the age of 4 weeks were also
evaluated for antibody levels in the PND ELISA. All new-
borns were medically evaluated prospectively at the Albert
Einstein College of Medicine. Visits were scheduled at ages
1, 2, 3, 6, 9, and 12 months, followed by biannual visits.
Immunological Markers. Peripheral blood mononuclear

leukocytes were isolated by sedimentation on Ficoll/
Hypaque (1.077 g/cm3). In vitro lymphoproliferative re-
sponses to phytohemagglutinin (PHA) were determined by
incorporation of tritiated thymidine as reported (19).

Quantitation ofCD4 and CD8 lymphocytes was carried out
by flow cytometric analysis of lysed whole blood dual-stained
with anti-T8 conjugated with fluorescein isothiocyanate and
anti-T4 conjugated with phycoerythrin (Coulter) using an
EPICS-C fluorescence-activated cell sorter (Coulter).

Synthetic Peptides. Peptides were prepared on an Applied
Biosystems 430A synthesizer by using chemicals and pro-
gram cycles supplied by the manufacturer. After synthesis,
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Table 1. Sequences of synthetic PND assayed

Amino acid
sequence in

Strain single-letter code
307 319

SC RSIHIGPGRAFYA
MN KRIHIGPGRAFYT
3B(BH10) IRIQRGPGRAFVT*
RF KSITKGPGRVIYA
WMJ1 RHIHIGPGRAFYT
WMJ2 RSLSIGPGRAFRT
WMJ3 RRIHIGPGRAFYT
ARV2 KSIYIGPGRAFHTt
Z3 QSIRIGPGKVFYA
Z6 QSTPIGLGQALYT
NY5 KGIAIGPGRTLYA
SL TRIHIGPGRAFYT
LAVMA RGIHFGPGQALYT
LAVEL QRTPIGLGQSLYT
CDC42 SRVTLGPGRVWYTt

*Also sequences of3B(HXB2), H9, LAVIA, BRU, BH8, HXB3, and
PV22.
tAlso sequence of SF2.
tAlso sequence of CDC4.

peptides were deprotected, cleaved from the supporting resin
with trifluoromethanesulfonic acid, and then purified by
reverse-phase HPLC. Peptide identities were confirmed by
spectral analysis, amino acid composition, and chemical
sequencing.
ELISA Methods. PND ELISA. Polystyrene microtiter

plates were coated with one of the synthetic peptide PNDs
specified in Table 1. Solutions (100 ,ul) were placed in each
well, each solution containing a different PND antigen at 10
,g/ml in 100 mM NaHCO3 (pH 9.6), and plates were incu-
bated overnight, washed, and then blocked. Verifications of
PND coating efficiencies were done with each peptide by
using labeled peptide derivatives. Human antibodies were
diluted 1:20 and allowed to incubate with the peptide-coated
wells for 1 hr at 37°C. Unbound antibodies were removed by
washing the wells six times successively with phosphate-
buffered saline containing 0.5% Tween 20. Bound antibodies
were detected by the addition of goat anti-human IgG con-

jugated to alkaline phosphatase, followed by a reaction with
the substrate pNPP and spectrophotometric measurement of
the reaction at 405 nm. The cutofffor sera was defined as the
mean absorbance of 10 seronegative samples plus 5 SDs (P >
0.0001).

Antigen-limited ELISA. Polystyrene microtiter plates were
coated in parallel with decreasing amounts of synthetic
peptide PNDs at concentrations ranging from 1 gg/ml to 0.5
ng/ml, as described for the PND ELISA. Serum samples
were diluted 1:20 and allowed to incubate with the peptide-
coated plates for 1 hr at 370C, and the amount of bound
antibody was quantitated as described for the PND ELISA.
PND competition assay. PND peptide concentrations that

were required to reduce ELISA signals below cutoff were
determined by adding the PND peptide at increasing con-
centrations to each serum. The serum was then tested in the
homologous PND ELISA assay (antigen at 10 gg/ml coating
concentration).
HIVp24 antigen ELISA. HIV p24 antigen was detected by

antigen capture enzyme immunoassay (DuPont or Coulter)
using the instructions provided by the manufacturer. Quan-
tities of p24 were determined by using a standard curve of
whole viral lysate whose p24 protein concentration was
calibrated against affinity-purified p24 antigen as described
by the manufacturer.
ENV9 ELISA. The ENV9 ELISA assay (DuPont) mea-

sures antibodies directed to the HIV envelope by utilizing a
recombinant HIV envelope fragment, env-(474-749). Serum
end-point titer (1:4 dilution series) was used as a measure of
the level of patient immune response to HIV envelope.

Polymerase Chain Reaction. HIV DNA sequences were
detected in peripheral blood lymphocytes by the polymerase
chain reaction method as reported (20). Oligonucleotide
primers used were SK 38/39 for HIV gag and SK 68/69 for
HIV env.

RESULTS
The retrospective and prospective analyses of all 15 mother/
child pairs identified 4 uninfected and 11 infected children.
Table 2 summarizes the essential clinical and laboratory
parameters measured for each of the 15 women studied.
Clinically, 13 of 15 mothers were classified as asymptomatic,

Table 2. Clinical and immunological status of maternal samples
In vitro mitogenic Absolute T4'

Time of response to cell count p24 antigen,
Patient testing* Clinical status PHA, cpmt per mm3t pg/ml

Mothers of HIV-infected neonates
1 38 Asymptomatic 21,383 279 16.5
2 40 Asymptomatic 27,130 1380 Negative
3 40 Mild encephalopathy 26,161 200 Negative
4 40 Asymptomatic ND 946 >200
5 38 Asymptomatic 27,540 590 Negative
6 18 Asymptomatic 43,803 432 Negative
7 37 Asymptomatic (herpes zoster) 20,134 548 Negative
8 40 Asymptomatic 37,699 162 17.4
9 40 Lymphadenopathy 70,853 252 Negative
10 40 Asymptomatic 20,551 230 Negative
11 40 Asymptomatic 10,776 189 Negative

Mothers of uninfected neonates
12 40 Asymptomatic ND 600 101
13 40 Asymptomatic 25,915 1214 18.35
14 39/40 Asymptomatic 73,995 437 38
15 39/40 Asymptomatic 11,601 286 ND

ND, not determined.
*Weeks of gestation.
tNormal range = 16,533-125,476 cpm.
*Normal range = 464-1364 cells.
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Table 3. PND antibody distribution of serum from HIV-infected mothers with the HTLV-IIIMN family
A at 405 nm*

Sample MN SC WMJ1 WMJ3 SL
Normal controlst 0.06 ± 0.024 0.05 ± 0.03 0.042 ± 0.02% 0.04 ± 0.032 0.05 ± 0.028
Maternalf 1.69 ± 0.45 0.386 ± 0.29 1.184 ± 0.43 1.48 ± 0.44 0.726 ± 0.35

(1.0-2.4) (0.1-1.2) (0.5-2.1) (0.8-2.3) (0.3-1.4)
*Average of two independent assays. Absorbance was generated in ELISA at a coating concentration of 10 Ag/ml.
tMean A value of 10 seronegative samples ± 5 SD (P < 0.0001).
tMean A value of 15 HIV-infected mothers. A ranges are indicated in parentheses.

with each presenting no notable gestational complications
that might predict which fetus might be more likely to have
been exposed. Eleven children were classified as infected
according to the 1987 criteria of the Centers for Disease
Control (CDC; ref. 21). Two of these children have since
died. Three infants, all between 7 and 9 months of age, were
considered infected because they were persistently serolog-
ically positive and had repeatedly detectable serum HIV p24
antigen. One of these children has died from a HIV-related
illness. Four children over 15 months of age were considered
uninfected based on persistently negative HIV serology [as
determined by ELISA and immunoblots (Western blots)
(DuPont)], on the absence of detectable serum p24 antigen,
on negative HIV DNA polymerase chain reaction, and on the
absence ofany clinical symptoms suggestive ofHIV infection
in children as specified by the 1987 Centers for Disease
Control criteria (21).
PHA Mitogenic Index and T4+ Cell Count. Thirteen of the

15 maternal samples were tested for an in vitro mitogenic
response to PHA (Table 2). Nine of 10 tested mothers with
infected children showed lymphoblastic responses within
normal ranges as did 2 of 3 women with uninfected children.
Of the 11 mothers with infected children, 7 (63%) demon-
strated low levels ofT4 surface antigen. Two of these women
were the only ones in the prospective study who demon-
strated clinical signs of HIV disease. Of the women with
uninfected children, 50% (2 of 4) showed low T4+ cell levels.
Taken together, these data did not suggest an ability for either
PHA mitogenic responses or absolute T4+ cell counts to
discriminate pediatric HIV infection.
p24 Antigen. The correlation of vertical transmission of

HIV-1 with p24 antigenemia was determined. Six of 14
maternal samples showed quantifiable levels of p24 antigen,
although none was derived from symptomatic individuals
(Table 2). Three of 11 mothers of HIV-infected neonates had
p24 antigenemia, whereas 3 of the 4 mothers of uninfected
neonates showed p24 antigenemia. These data again suggest
that neither the presence nor the quantity ofmaternal p24 was
predictive of HIV vertical transmission.

10 100
PND, ng/ml

10000

FIG. 1. The immunoreactivity oftwo human sera with strong PND
reactivity (o) or weak (*) reactivity on the PND-MN antigen-limited
ELISA.

Antibody to PND. Antibody distribution. Devash et al. (15)
recently provided seroepidemiologic evidence that the
HTLV-IIIMN strain is the predominant HIV infecting strain.
To establish that the maternal/neonatal samples that were
geographically derived from the New York City area repre-
sented the same HIV strain distribution, it was necessary to
characterize each serum on a variety of PND synthetic
peptides derived from various HIV isolates. ELISA plates
were coated at non-antigen-limited concentrations with each
ofthe 15 synthetic peptides (Table 1) representing most ofthe
known HIV-1 PNDs. Preliminary data (not shown) showed
that the maternal sera were immunoreactive predominantly
with the HTLV-IIIMN strain. Within the MN family-i.e.,
those strains with a backbone of amino acid sequences
Ile-His-Ile-Gly-Pro-Gly-Arg-Ala-Phe-Tyr, as in MN, SC,
WMJ1, WMJ3, and SL (Table 3)-maternal samples demon-
strated their strongest immunoreactivity with the MN-
associated PND. The differences in optical density among the
various PNDs could not be attributed to different peptide
coating efficiencies, since the equivalent amounts of labeled
peptides could be shown to coat the wells (data not shown).
These data supported the exclusive use ofPND derived from
the HTLV-IIIMN strain (PND-MN) for subsequent studies.
Antigen-limited ELISA. The studies cited above demon-

strated substantial cross-reactions among the MN family of
synthetic peptides. Since some of these cross-reactions were
likely to be lower affinity interactions, we investigated
whether decreasing the antigen concentrations on the solid
support was able to eliminate weak immunoreactivities.
Human sera at 1:20 serum dilution were tested on decreasing
PND-MN concentrations. Representative patterns from two
sera are presented in Fig. 1. Both sera were able to generate
significant ELISA signal at the PND ELISA coating concen-
trations of 10 ,ug/ml. However, one serum was immunore-
active with as low as 0.5 ng ofPND-MN coating, whereas the
other serum was immunoreactive only to 500 ng ofPND-MN
coating. The antigen-limited ELISA results compared well
with the results ofPND-MN competition assay. Human sera
were preincubated with increasing concentrations of PND-
MN peptide, and the amounts required to reduce the ELISA
signal below cutoff were determined. As little as 0.1 ng of
PND-MN per ml was sufficient to reduce the signal of the
human serum that showed a weak immunoreactivity on the
antigen-limited ELISA (Table 4, serum 2). In contrast, the

Table 4. Correlation between PND-MN antigen-limited ELISA
and competition assays

Antigen coating
Serum concentration in PND required
sample antigen-limited to complete,t ENV9 ELISA
no. ELISA,* ng/ml ng/ml end-point titert
1 0.5 5000 100,000
2 500 0.1 100,000

*Lowest antigen coating concentration (ng/ml) that generated an A
signal above cutoff.
tPND-MN concentration (ng/ml) required to reduce ELISA signal
below cutoff.
tEnd-point titers (1:4 dilution series) of ENV9 ELISA.
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.1 1 10 100 1000 10000
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FIG. 2. Immunoreactivity patterns of maternal sera on the antigen-
limited ELISA utilizing PND derived from the HTLV-IIIMN strain.
Three patterns of immunoreactivity were noted (P < 0.0001): (i) high
absorbances at all concentrations of synthetic peptide, found exclu-
sively in uninfected children or their mothers (o); (ii) low signals at
all PND concentrations, found in all infected neonates and in some
mothers of infected neonates (*); and (iii) high absorbances that
dropped precipitously with decreasing PND coating concentrations
(i).

human serum that showed strong immunoreactivity on the
antigen-limited ELISA required 5000 ng of PND per ml
(50,000-fold higher concentration) to reduce the signal (Table
4, serum 1). These sera showed equivalent immunoreactivity
on ENV9 ELISA, ruling out low immunoreactivity to PND-
MN because of loss of patient humoral response (Table 4).
The correlation between the antigen-limited ELISA and the
competition assays showed that decreasing concentrations of
PND antigen biased antibody detection to high-affinity/
avidity populations.
The significance of high-affinity/avidity antibodies was

tested in pediatric HIV diagnosis. Maternal/neonatal pairs of
sera were tested for reactivity with decreasing concentrations
of PND-MN peptide. Patterns of reactivities with PND
peptide-limited concentration in samples from infected or

Table 5. Correlation of maternal/neonatal HIV transmission to
high-affinity/avidity PND antibodies

Neonate
sample

Infected
1
2
3
4
5
6
7
8
9
10
11

Uninfected
12
13
14
15

A (SD) in ELISA with
high-affinity/avidity
PND antibodies

Maternal

0.069
0.2
0.103
0.063
0.067
0.038
0.09
0.18
0.126
0.098
0.095

0.71
1.2
0.2
1.27

Neonate

(0.01)
(0.005)
(0.0035)
(0.001)
(0.006)
(0.001)
(0.003)
(0.005)
(0.009)
(0.006)
(0.01)

(0.013)
(0.043)
(0.012)
(0.05)

0.074 (0.008)
0.174 (0.006)
0.071 (0.005)
0.06 (0.002)

ND
ND
ND
ND

0.068 (0.004)
ND
ND

1.1 (0.036)
1.02 (0.049)
0.45 (0.107)

ND

uninfected children are shown in Fig. 2. Three patterns of
immunoreactivity were noted: (i) high optimal densities at all
concentrations of synthetic peptide were found exclusively in
uninfected children or their mothers, (ii) low signals on all
PND concentrations were found in all infected neonates and
in some mothers of infected neonates, and (iii) high optical
densities that dropped precipitously with decreasing PND
coating concentrations were seen in 4 of 11 mothers of
HIV-infected neonates; this last pattern suggested that the
antigen-limitation technique was capable of discriminating a
relatively weak immune response to the PND.
The antigen-limited ELISA showed that sera from all 11

mothers (100%) of HIV-infected neonates had reactivities
below the designated cutoff for the PND-MN, demonstrating
the presence of only low-affinity/avidity antibodies to the
PND (Table 5). Sera derived from the children (age from birth
to 4 weeks) showed identical patterns. In contrast, sera from
all 4 uninfected neonates demonstrated strong immunoreac-
tivity (PND coating concentrations of 0.5 ng/ml), suggesting
that high-affinity/avidity antibodies to the PND were pres-
ent. Three ofthe 4 paired samples from mothers ofuninfected
children (75%) also had high-affinity/avidity antibodies to the
PND. In mother 14 (Table 5), low-affinity/avidity antibodies
to PND-MN were noted while her baby had high-affinity/
avidity antibodies.

DISCUSSION
Infection of children by HIV has increased with the increas-
ing incidence ofHIV infection in women of childbearing age.
There is ample evidence of materno-fetal transmission of the
disease. The factors that facilitate transmission ofHIV to the
fetus are still unclear. Studies implicated that low T4' cell
counts, maternal viremia, p24 serum antigen levels, and
T-cell functions are prognostic markers for HIV vertical
transmission (22-25). However, in the present prospective
study, most women who transmitted HIV to their fetuses
were asymptomatic, had normal T4' cell counts, and had
normal lymphocyte mitogenic responses to PHA, and many
had no detectable p24 levels.
The role of protective maternal anti-HIV antibodies has

been recently investigated. Goedert et al. (25) have suggested
that lack of antibodies to gp120, as measured by Western
blots, correlated to some extent with an increased risk of
transmission. More recently Broliden et al. (5) reported that
31% of uninfected neonates showed immunoreactivity with
gpl20 amino acids 324-338 derived from the HTLV-IIIB
strain. This peptide excluded those amino acids critical for
neutralization (amino acids 308-318; ref. 12). Other peptide
fragments from gp120, tested in their study, including the
PND region, showed lower correlations with neonate infec-
tion. Furthermore, the ELISA utilized the antigen at high-
antigen-coating concentrations (1 ,ug per well), which did not
distinguish among binding strengths of various antibody
populations. Similarly, in a study of Rossi et al. (6), all of the
synthetic peptides were derived from the nonrepresentative
HTLV-IIIB strain and were used in the ELISA at 20 tkg/ml.
Such antigen-coating conditions did not distinguish among
binding strengths and did not eliminate low-affinity cross-
reactions, which skewed the interpretation from a proper
prognostic prediction, as demonstrated in Fig. 2.

Heretofore, HIV-1 immunoassays have shown poor cor-
relation with biologically functional antibodies. A high level
of cross-reaction among a variety of synthetic peptides under
optimal antigen coating conditions has been reported (15, 26).
The use ofdecreased PND coating concentrations eliminated
these cross-reactions and detected high-affinity/avidity an-
tibodies, as demonstrated by the PND competition assay.

This method also eliminated irrelevant cross-reactions by
utilizing the PND of HTLV-IIIMN rather than that of the

Average of three independent assays. Mean absorbance at 405 nm
and SD generated in ELISA at coating concentrations of 0.5 ng/ml
(high affinity/avidity) are indicated. Cutoff = 0.2 was defined as the
mean A value of 10 seronegative samples plus five values of SD (P
< 0.0001). ND, not determined.
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HTLV-IIIB strain. The data showed that the vertical trans-
mission of HIV was correlated with an absence of high-
affinity/avidity maternal antibodies to the PND.

In one of four uninfected infants, the maternal serum
consistently had a low response to PND ELISA (confirmed
three times). Surprisingly, at ages 4 and 8 weeks, the baby
showed a transient but measurable serum antibody titer to the
gp120 PND region (data not shown). Since this child was
found to be uninfected and was too young to produce his own
IgG, it is unlikely that these antibodies were actively pro-
duced by the infant. Therefore, maternal antibodies must
have been transferred transplacentally. It has been observed
previously that certain IgG subclasses, especially IgGj, pref-
erentially cross the placenta and, therefore, may be detected
in the newborn at higher levels than in the maternal circula-
tion (27).
The site-directed serology described here utilized linear

PND sequences and may not detect all potential HIV neu-
tralizing domains (18, 26, 28). Neutralization-resistant HIV
strains that contain conformational variation of the PND (18,
20) would not be detected. However, our study and the
studies of Broliden et al. (5) and Rossi et al. (6) support the
feasibility ofcurrent subunit vaccine efforts to protect against
HIV-1 infection. Levels ofpreexposure neutralizing antibod-
ies in the fetus appear to abrogate the virus infection. Hence,
the development of HIV vaccines and immunotherapeutics
may hold promise for preventing vertical HIV transmission.
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