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Human immunodeficiency virus type 1 (HIV-1)-specific cellular immune responses are elicited in a propor-
tion of infants born to HIV-1-infected mothers and are associated with protection against vertical transmission.
To investigate correlates of these HIV-1-specific responses, we examined levels of the immune activation
markers neopterin, 3,-microglobulin (3,-m), and soluble L-selectin (sL-selectin); the immunomodulatory and
hematopoietic factors interleukin-7 (IL-7), stromal-cell-derived factor 1 alpha (CXCL12), and granulocyte-
macrophage colony-stimulating factor (GM-CSF); and the immunoregulatory cytokine IL-10 among a group of
newborns born to HIV-1-positive mothers who did not receive any antiretroviral drugs for prevention of
perinatal HIV-1 transmission. Cellular immune responses to HIV-1 envelope (Env) peptides were also mea-
sured. We aimed to determine whether newborns who elicit HIV-1-specific cellular immune responses (Env™)
and those who lack these responses (Env ™) exhibit unique immune features. Our data confirmed that no Env*
infants acquired HIV-1 infection. Among exposed, uninfected infants, Env* infants had reduced immune
activation (as measured by 3,-m and sL-selectin levels in cord blood plasma) compared to Env™ infants as well
as reduced GM-CSF levels in cord blood plasma. There was also a reduced ability of cord blood mononuclear
cells to be induced to produce GM-CSF among Env* infants. Maternal viral load was lower in Env* infants,
suggesting that exposure to low levels of antigen may be responsible for priming the protective responses. These
findings suggest that infants who are able to develop apparently protective HIV-1-specific cellular immune
responses have immunological features and viral exposure histories that distinguish them from their nonre-

sponder counterparts, providing new insights into the development of HIV-1 protective immunity.

Human immunodeficiency virus type 1 (HIV-1)-specific
CD4" and CD8" T-cell responses are considered critical for
controlling viral replication once HIV-1 infection is established
(22). Surprisingly, these HIV-1-specific cellular immune re-
sponses have also been detected among a proportion of infants
who remain uninfected despite being born to HIV-1-infected
mothers (10, 15, 31), hereafter referred to as “exposed, unin-
fected” (EU) infants. Since these responses are detectable at
birth, it is presumed that they are indicative of events occurring
prior to birth, pointing to the likelihood of in utero exposure to
HIV-1 or its soluble products in the absence of infection and to
the possible immunological ability of some neonates to suc-
cessfully respond to such exposure and prevent infection.
There is strong evidence that these HIV-1-specific cellular
immune responses in newborns are markers of protective im-
munity, and they have been associated with protection against
subsequent intrapartum and postpartum infection through
breast-feeding (13). To date all that is known of these re-
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sponses is that they can sometimes be detected, but how and
when in utero priming to maternal HIV-1 or its products takes
place and how these responses develop remain unexplored.
In animal models, low-dose exposure to virus may selectively
activate the cellular arm of the immune system, promoting
development of strong adaptive T-cell immunity (26). There-
fore, we sought to test the hypothesis that lower maternal viral
load is associated with development of HIV-1-specific cell-
mediated immune responses among EU newborns. We also
aimed to investigate whether there were other immune param-
eters that distinguish EU infants who develop HIV-1-specific
cellular immune responses from those who do not. We exam-
ined activation markers (neopterin, B,-microglobulin [B,-m],
and soluble L-selectin [sL-selectin]) in cord blood plasma
which, like the HIV-1-specific responses, are indicative of past
events that occurred prior to birth. These parameters were of
interest since there is evidence of increased immune activation
at birth (19, 25) among HIV-1-exposed compared to unex-
posed infants, suggesting that in utero viral exposure may be
associated with immune activation. As the activation of T cells
results in the coordinate expression of a number of cytokines
involved in the differentiation, proliferation, and activation of
the hematopoietic system, we also questioned whether ele-
vated levels of cytokines (interleukin [IL-7], IL-10, stromal-
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cell-derived factor 1 alpha [CXCL12], and granulocyte-mac-
rophage colony-stimulating factor [GM-CSF]) involved in
immunomodulation and hematopoiesis would be associated
with the development of HIV-1-specific responses. Under-
standing factors important in the pathway to the development
of protective immunity will provide important information for
the design and evaluation of HIV-1 vaccines.

MATERIALS AND METHODS

Study population. The study population included HIV-1-seropositive and -se-
ronegative women delivering live-born infants at Chris Hani Baragwanath Hos-
pital, Soweto, South Africa. Women who had not received any antiretroviral
drugs prior to the infant’s birth either for prevention of mother-to-child trans-
mission or for HIV-1 treatment (n = 124) were recruited as part of a postexpo-
sure prophylaxis trial (11). Women were eligible for the trial if they tested HIV
seropositive for the first time after delivery and were drug naive, usually because
they received no prenatal care or had attended prenatal clinics where HIV-1
testing was not available at the time. Their infants were randomized to receive
either zidovudine or nevirapine to reduce the risk of vertical transmission. This
study population was selected because HIV-1-specific T-cell responses are at-
tenuated in neonates whose mothers receive antiretroviral drugs (including
zidovudine, lamivudine, and nevirapine) during pregnancy and labor (14, 16). We
therefore studied newborns of mothers who did not know their HIV-1 status at
delivery and therefore did not receive any antiretroviral drugs prior to delivery.
For ethical reasons, postexposure prophylaxis with nevirapine or zidovudine in
accordance with random assignment was given to all infants within 72 h of birth.
A control group of pregnant HIV-seronegative women (n = 30) was recruited at
this site over the same time period.

Infants of HIV-1-infected mothers were followed prospectively after birth
until 3 months of age or until at least 4 weeks after all breast-feeding had stopped
to determine their HIV-1 status. HIV-1 DNA PCR was performed on infant
peripheral blood samples collected at 6 weeks of age (Roche Diagnostic Systems,
Inc., Branchburg, NJ). To establish the timing of infection, samples collected on
the day of birth were tested if the 6-week PCR was positive. A positive result on
the day of birth was used to infer intrauterine transmission, and a negative result
at birth with a positive result at 6 weeks or later was used to infer intrapartum
(IP) transmission. No infection could be clearly attributed to postnatal infection.
Children testing negative at 6 weeks or older were included as EU. Children born
to seronegative women (control group) were not followed after birth.

For this nested case control study, all infants with IP infections (» = 14) and
a random selection of 63 EU infants from the cohort of 124 infants born to
HIV-1-infected mothers who did not receive any antiretroviral drugs before
delivery were selected. Three infants were excluded from the EU group and one
from the IP infection group as samples were insufficient for all the tests. Four EU
infants with HIV-1-specific T-cell responses, from a related study at the time,
were added. Ten control infants were excluded as HIV-1-specific responses were not
measured. As quantitating factors in cord blood of infants with intrauterine
infections demonstrate the consequences of existing infection, these infants were
also excluded from this study (n = 4).

This study was approved by the University of the Witwatersrand Committee for
Research on Human Subjects, and informed consent was obtained from the mothers
of all infants enrolled in the study.

Blood samples. Small aliquots (3 to 5 ml) of cord blood were obtained by
cordocentesis immediately after delivery of the placenta, and 10 ml peripheral
blood was obtained from each mother within 24 h of delivery. Blood samples
were drawn into EDTA tubes (Becton Dickinson, Plymouth, United Kingdom).
Mononuclear cells (adult peripheral and infant cord blood) and plasma were
processed by Ficoll-Paque Plus (Amersham Biosciences, Uppsala, Sweden) gra-
dient centrifugation within 24 h. Plasma (mother and infant) was stored at
—70°C, and mononuclear cell samples (mother and infant) were stored in liquid
nitrogen until testing.

CBMC isolation. Mononuclear cells were isolated from cord blood by density
centrifugation on Ficoll-Paque Plus at 1,000 X g for 30 min at room temperature.
The plasma layer was removed and centrifuged at 850 X g to remove platelets
using a Sigma 4K15 centrifuge (Wirsam Scientific, South Africa), aliquoted, and
stored at —70°C. The cord blood mononuclear cell (CBMC) layer was removed
and washed twice in phosphate-buffered saline (PBS). Contaminating erythro-
cytes were lysed using 0.15 M NH,Cl, 10 mM KHCOj3, and 1 mM sodium EDTA,
pH 7.0. The cell suspension containing lysed cells was washed a further two times
in PBS, and the viable-cell numbers were determined by trypan blue (Sigma,
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Steinheim, Germany) exclusion. CBMCs resuspended to a final concentration of
3 X 10° cells/ml in RPMI containing 1% 1-glutamine were used to measure
HIV-1-specific cellular immune responses.

HIV-1-specific cellular immune responses. CBMCs (2 X 10° cells/well) were
unstimulated or stimulated with a cocktail of five synthetic HIV-1 Env peptides
(HIV-1 gp120 peptides T1, T2, and TH4.1 of conserved regions and P18 MN and
P18 IIIB of variable regions) at a final concentration of 2.5 uM to measure
HIV-1-specific responses and with phytohemagglutinin (PHA; positive control)
(Sigma, Steinheim, Germany) used at a final concentration of 12.5 wg/ml. The
selection of the HIV-1 stimulus was based on previous studies which have
identified these peptides to be broadly immunogenic across major histocompat-
ibility complex haplotypes (2, 4, 12). T-helper-cell responses to these peptides
have also been documented in several, independent populations of HIV-1 EU
individuals (5, 7, 8, 13, 18).

For each stimulus, cultures were run in duplicate. After 1 h of incubation at
37°C, pooled human serum (10%) was added to each well. In addition, anti-IL-2
receptor antibody (monoclonal anti-TAC) was added to the cultures at a con-
centration of 2 mg/ml to block IL-2 consumption. After 7 days incubation at 37°C
in a moist, 5% CO, atmosphere, culture supernatants were harvested and stored
at —20°C until testing. IL-2 was quantitated in culture supernatants using the
Quantiglo human IL-2 enzyme-linked immunosorbent assay (ELISA) system
(R&D Systems) with a chemiluminescent detection step to allow maximum
sensitivity. Results were expressed as the ratio of IL-2 produced among the
stimulated cultures to that of unstimulated cultures. All ratios >3 were consid-
ered a positive response to a particular stimulus.

Quantitation of immune activation markers and cytokines in cord blood and
mothers’ plasma. In order to quantify levels of T-cell activation, we selected
neopterin, B,-m, and sL-selectin as they are early and reliable soluble plasma
markers of immune activation events that have already occurred in vivo (neop-
terin for T cells/monocytes; B,-m for CD8" T cells, and sL-selectin for T lym-
phocytes, monocytes, and neutrophils). Maternal and infant (cord blood) plasma
levels of the immune activation factors B,-m and sL-selectin were determined
using Quantikine ELISA kits (R&D Systems Inc., Minneapolis, MN) by follow-
ing the manufacturer’s instructions. While B,-m levels were determined from
undiluted plasma samples, sL-selectin determination required a 100-fold dilution
of the samples. Levels of the immune activation factor neopterin were quanti-
tated from undiluted plasma using an Immunotech ELISA system (Beckman
Coulter, Marseille, France). The minimum detectable dose of B,-m is <0.2
peg/ml; for sL-selectin it is <0.3 ng/ml, and for neopterin it is <0.2 ng/ml.

Levels of GM-CSF, IL-7, and CXCL12 were determined using the high-
sensitivity (h)GM-CSF Biotrak ELISA system (Amersham, Biosciences AB,
Uppsala, Sweden), a Quantikine ELISA system (R&D Systems, Minneapolis,
MN) for CXCL12, and a Quantikine high-sensitivity ELISA system (R&D Sys-
tems, Minneapolis, MN) for IL-7 according to the manufacturers’ protocols.
Samples were tested undiluted for GM-CSF, IL-7, and CXCL12. The minimum
detectable level of GM-CSF was 0.1 pg/ml, and for IL-7 it was <0.1 pg/ml; for
CXCL12 the mean minimum detectable dose is 18 pg/ml.

Levels of IL-10 were determined using the high-sensitivity Biotrak ELISA
system (Amersham Biosciences). IL-10 levels were determined from plasma
samples diluted 10-fold, with the minimum detectable dose being 1 pg/ml.

GM-CSF production assays. CBMC isolated from infants’ blood samples and
resuspended at 3 X 10° cells/ml in a total volume of 100 wl RPMI medium
containing 1% L-glutamine were unstimulated or stimulated with HIV-1 peptides
as described above for T-helper-cell responses and PHA at a final concentration
of 12.5 wg/ml. Human serum (10%) was then added to each well. Following a
24-h incubation at 37°C in a moist, 5% CO, atmosphere, culture supernatants
were harvested and stored at —70°C. Supernatants were tested for GM-CSF
production using a Biotrak ELISA system (Amersham Biosciences AB, Uppsala,
Sweden). GM-CSF was determined after a 5-fold dilution of unstimulated and
HIV-1 peptide-stimulated cultures and a 150-fold dilution of PHA-stimulated
cultures. The minimum detectable level of GM-CSF was <2 pg/ml.

Quantitation of maternal viral loads. Plasma HIV-1 RNA levels were mea-
sured using the Amplicor RNA monitor assay (Roche Diagnostic Systems, Inc.,
Branchburg, NJ) with a lower detection limit of 400 RNA copies/ml.

Quantitation of mothers’ CD4 T-cell counts. CD4 T-cell counts were deter-
mined using the commercially available FACSCount system from Becton Dick-
inson (San Jose, CA).

Statistical analysis. Levels of the different infant and maternal parameters
were compared between groups using the nonparametric Mann-Whitney U test.
Spearman’s rank correlation coefficient was used to describe associations be-
tween parameters. Differences between parameters for mothers and infants were
tested using the Wilcoxon signed rank test for paired data. Fisher’s exact test was
used to compare proportions between groups. Statistical analyses were per-
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TABLE 1. Comparisons of maternal characteristics and levels of the immunomodulatory and immunoregulatory cytokines among infant groups

Value for infant group

HIV-1-infected mother

Characteristic
Control” Env
EU Env*
EU IP infection
No. of infants 20 42 13 18
PHA response” 182.7 (145.9) 237 (218.9) 262 (303.6) 199 (154.4)
Env response” 1.0 (0.5) 1.1 (0.5) 0.9 (0.4) 4.5(1.4)
Maternal CD4" T-cell count®* 482 (259) 430 (188.7) 488 (288)
Maternal HIV-1 RNA (log,,)"¢ 4.8 (43-5.2) 4.8 (4.4-5.3) 4.1 (3.5-4.9)
Neopterin (ng/ml)° 2.74 (2.2-3.6) 3.7(2.8-4.9) 4.3 (3.3-6.7) 3.3(2.9-4.3)
B,-m (pg/ml)*" 1.6 (1.3-2.0) 22(1.9-34) 2.2 (1.6-2.8) 1.9 (1.5-2.4)
sL-Selectin (ng/ml)“ 554.5 (484-613.5) 695.4 (568.8-842.8) 703.1 (581.9-790.4) 593.6 (509.1-667.1)
IL-7 (pg/ml)* 2.8 (1.8-4.0) 23(1.2-3.3) 2.4 (1.0-3.9) 2.1 (1.4-4.7)
CXCL12 (pg/ml)* 311 (245.2-520) 325.4 (259-408,8) 332.7 (277.3-445.9) 298.2 (214.7-452.2)
IL-10 (pg/ml)® 17.4 (15.6-20.3) 20.2 (18.1-35.6) 19.2 (16.8-30.3) 19 (17.1-21.7)
GM-CSF (pg/ml)*” 5.2 (4.2-6.9) 7.7 (3.5-9.90) 7.0 (3.7-9.1) 2.0(0.7-2.2)

“The control group consisted of uninfected Env™ infants whose mothers were also uninfected.

’ Values are means. Values in parentheses are standard deviations.
¢ The mothers of the exposed infants had not received any antiviral drugs.
@ P was 0.024 in a comparison of EU Env™~ infants and EU Env™ infants.

¢ Values are medians. Values in parentheses are interquartile ranges, with endpoints being the 25" and 75" percentiles.

/P was 0.018 in a comparison of EU Env~ infants and EU Env™ infants.
&P was 0.013 in a comparison of EU Env™ infants and EU Env" infants.
" P was <0.001 in a comparison of EU Env~ infants and EU Env™" infants.

formed using SPSS software (version 11.0; SPSS Inc., Chicago, IL). All statistical
tests were two-tailed and considered significant at a P of <0.05.

RESULTS

HIV-1-specific cellular immune responses are associated
with lack of transmission. Clinical characteristics of the moth-
er-infant participants who were included in this nested case
control study are presented in Table 1. HIV-1 envelope pep-
tide-stimulated cellular immune responses (Env") were de-
tected among 13.2% of the EU infants (14/106) whose mothers
had not received any antiretroviral drugs. For this study, 42 EU
infants without responses (Env ) and 18 EU infants (14/106
plus 4 additional infants from a related study) with responses
(Env™) were studied further. No infant with an Env* response
at birth became infected. All infants who later were found to be
infected were unresponsive (Env ™) at birth. No HIV-1-specific
responses were detected among the controls.

Lower viral loads among mothers of infants with HIV-1-
specific responses. Overall nontransmitting mothers had lower
plasma viral loads than transmitting mothers. When results
were further stratified by whether or not the infant had HIV-
1-specific responses, it was found that nontransmitting mothers
of Env* infants had lower median viral loads (log,, 4.1 copies/
ml) than nontransmitting mothers of Env™ infants and than
transmitting mothers (log,, 4.8 copies/ml) (Table 1; Fig. 1).
There was no significant difference in CD4 T-cell counts be-
tween mothers of Env" and Env™ infants.

Less immune activation among EU infants with HIV-1-specific
responses. All infants born to HIV-1-seropositive mothers, re-
gardless of their ability to elicit HIV-1-specific responses, exhib-
ited significantly elevated neopterin levels compared to control
infants born to HIV-1-negative mothers (Table 1; Fig. 2A). In
contrast, 3,-m and sL-selectin were elevated relative to unexposed
controls only among EU infants lacking HIV-1-specific immune

responses (Env™). EU Env" infants had levels of 8,-m and sL-
selectin similar to those of control infants, significantly lower than
among EU Env™ infants (Fig. 2B and C).

Reduced plasma GM-CSF among EU infants with HIV-1-
specific responses. Env ™ infants had significantly reduced lev-
els of GM-CSF in cord blood plasma compared to Env™ in-
fants (Fig. 3A). Given these findings we were curious as to
whether maternal GM-CSF levels might influence those of
their infants. When maternal levels were measured, we found
that GM-CSF levels of HIV-1-infected mothers were substan-
tially lower than those of their infants, even among EU Env™
infants and their mothers (P = 0.002). Furthermore, GM-CSF
levels of infected mothers tended to be decreased relative to
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FIG. 1. Maternal-viral-load distributions for uninfected infants
born to HIV-1-infected mothers (EU) that do not elicit cellular re-
sponses to HIV-1 envelope peptides (Env™) and those that do (Env™).
Horizontal bars, median values (log;, 4.8 and log;, 4.1 for Env™ and
Env* groups, respectively).
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FIG. 2. Levels of neopterin (ng/ml) (A), B,-m (pg/ml) (B), and
sL-selectin (ng/ml) (C) for infants born to HIV-seropositive mothers
and stratified on the basis of infection outcome (C, uninfected con-
trols) and cellular immune responses to HIV-1 envelope peptides
(Env™ and Env" infants). Data are presented as medians (bars inside
boxes), 25th and 75th percentiles (boxes), and 10th and 90th percen-
tiles (bars outside boxes). Significant differences between groups and
sample numbers per group are indicated.

those of uninfected mothers (Fig. 3B). Since infant GM-CSF
levels correlated with maternal viral load in the EU group (P =
0.038; r = 0.268), we investigated whether maternal viral load
might explain the lower GM-CSF levels observed among in-
fants with HIV-1-specific responses. In a multivariable regres-
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FIG. 3. Infant (A) and maternal (B) plasma GM-CSF levels. In-
fants and their mothers were stratified on the basis of infection out-
come (C, uninfected controls) and HIV-1-specific cellular immune
responses to Env peptides (Env™ and Env*). Data are presented as
medians (bars inside boxes), 25th and 75th percentiles (boxes), and
10th and 90th percentiles (bars outside boxes). Significant differences
between groups and sample numbers per group are indicated. The
lowest level of GM-SCF measured in the infants was 0.17 pg/ml.

sion model, GM-CSF levels remained significantly lower
among EU Env™" infants (P < 0.001) even after adjusting for
maternal viral load. IL-7, CXCL12, and IL-10 (Table 1) levels
were similar among Env* and Env™ infants.

Reduced ability of CBMC to produce GM-CSF among EU
infants with HIV-1-specific responses. As Env™ infants demon-
strated dramatically reduced GM-CSF plasma levels, we ques-
tioned whether this was possibly associated with an inability of
CBMC to produce GM-CSF. Env™" infants demonstrated no al-
tered ability of their CBMC to spontaneously release GM-CSF
(Fig. 4A). However, in response to stimulation with HIV-1 Env
peptides (Fig. 4B) all groups (Env~ and Env" infants) were able
to release significantly larger amounts of GM-CSF than the con-
trol group, with a trend to reduced levels among EU Env* infants
compared to the two Env™ groups (EU and IP infection). In
response to stimulation with PHA, CBMC of Env™" infants pro-
duced significantly less GM-CSF than EU Env ™ infants, suggest-
ing that the capacity to produce GM-CSF mirrors the peripheral
blood levels of this factor. A low cellular capacity to produce
GM-CSF is therefore associated with the presence of HIV-1-
specific cellular immune responses.
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FIG. 4. Ability of CBMC to produce GM-CSF (pg/ml) spontaneously
(A) and in response to HIV-1 envelope peptides (B) and PHA (C).
Results are stratified on the basis of infection outcome (C, uninfected
controls) and HIV-1-specific cellular immune responses to Env peptides
(Env™ and Env"). Data are presented as medians (bars inside boxes),
25th and 75th percentiles (boxes), and 10th and 90th percentiles (bars
outside boxes). Significant differences between GM-CSF levels (pg/ml) of
the groups and sample numbers per group are indicated.

DISCUSSION

In our study, no child with HIV-1-specific cellular responses
to envelope peptides in cord blood subsequently became in-
fected, supporting the notion that these responses may be
markers of protective immunity (9, 10, 13, 31). Furthermore,
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we demonstrated that infants with these apparently protective
Env* responses exhibited immune capabilities significantly dif-
ferent from those of infants without them. Specifically, we
observed (i) reduced activation as determined by measuring
plasma levels of B,-m and sL-selectin, (ii) reduced plasma lev-
els of GM-CSF and reduced capacity to produce GM-CSF
from CBMC, and (iii) lower viral loads among mothers whose
infants had detectable HIV-1-specific responses. These differ-
ences are perhaps surprising since our assay of HIV-1-specific
cellular immune responses is sure to have missed some true
responses below the detection threshold or responses to anti-
gens not used. Nevertheless, there appeared to be distinct
features of the EU infants with and without detectable HIV-
1-specific responses.

The importance of giving low-dose antigen to induce cell-
mediated immune responses was first demonstrated in a study
where susceptible BALB/c mice were protected from Leish-
mania major and increased resistance was achieved in resistant
mice (3). In a macaque model, prior exposure to subinfectious
doses of simian immunodeficiency virus (SIV) led to SIV-
specific T-cell responses that appeared to confer long-term
protection against subsequent virus challenge (6). Murine
studies have also suggested that the initial antigen dose may be
critical to the development of protective immunity in new-
borns. For example, the inability to develop a cytotoxic T-
lymphocyte response to high doses of virus (Cas-Br-M murine
leukemia virus) correlated with the induction of a nonprotec-
tive type 2 cytokine response and was not the result of immu-
nological immaturity (24). In our data, those infants who elic-
ited an apparently protective HIV-1-specific immune response
had mothers with lower plasma cell-free viral loads than in-
fants without these responses. Although maternal plasma viral
load is a highly imperfect marker of in utero viral exposure, our
data suggest that, for effective immunological priming, expo-
sure to low doses may be necessary if responses that are pro-
tective against subsequent virus challenge are to be developed.
Our data also suggest that the well-established association
between lower maternal viral load and lower risk of transmis-
sion may not only be a consequence of reduced viral exposure
but may, in addition, mark more effective priming of protective
immune responses in the infant.

An important question is what constitutes viral exposure in
utero. The placenta plays an important role as a physical bar-
rier to fetal infections such as those with cell-free HIV-1;
however, inflammatory reactions, e.g., chorioamnionitis (30),
and inflammatory cytokines (20) can cause placental damage
facilitating transmission. p24 antigen has also been found to
permeate this barrier (1). Defective viral particles or products
could potentially prime immune responses in EU infants; for
example, it has been demonstrated that HIV-1 mutants with
the integrase/endonuclease gene deleted are unable to inte-
grate but can competently produce HIV-1 core and envelope
antigens (28).

Infants exposed to p24 antigen, defective virus particles, or
HIV-1 from aborted infections might be expected as a result of
this immune stimulation to display increased antigen-induced
lymphokine production and cellular proliferation. Thus we had
originally hypothesized that immune activation markers would
be higher among those with HIV-1-specific responses as a
consequence of this viral exposure. However, our observation
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that reduced activation was associated with protective immune
responses suggests that activation may facilitate transmission
and may preclude the development of HIV-1-specific re-
sponses. Thus we have a paradoxical situation where priming
may be necessary to develop antigen-specific immunity, yet too
much antigen stimulation and/or activated response to that
stimulation may tip the balance toward infection rather than
protection. We have previously described the complex inter-
actions between immune activation and prevention of vertical
transmission in the presence (mothers given a single dose of
nevirapine at the onset of labor) and absence (infants given
only postexposure prophylaxis) of antiretroviral therapy (25).
Specifically, the presence of antiretroviral drugs may help drive
an activated immune system into an anergic state that may be
beneficial in preventing HIV-1 replication (25).

Our most striking result was that Env™ infants had signifi-
cantly reduced levels of GM-CSF relative to the Env™— group,
both in cord blood plasma and PHA-stimulated CBMC. It is
possible that reduced production may be a consequence of in
utero events that have impacted this capacity or that the in-
herent ability to produce GM-CSF is different in these infants.
In support of the first hypothesis, it was interesting that stim-
ulation with Env peptides had the ability to enhance GM-CSF
production in these infants above the uninfected control group,
yet these levels were not significantly different from those for
the EU Env™ group. This suggests that GM-CSF production
ability was influenced by the nature or potency of the viral
stimulus. GM-CSF would be expected to be produced by acti-
vated T cells and monocytes in CBMC cultures. It is also
possible that cell types responsible for producing GM-CSF are
differently represented in the infant groups or are primed dif-
ferently as a result of differences in in utero exposure to HIV-1.

GM-CSF is known to augment immune responses to anti-
gens in vivo and in vitro (27), and, due to its numerous immu-
nomodulatory properties, it has been administered as a vaccine
adjuvant to enhance cellular or humoral responses to specific
antigen. It is intriguing that the effects of GM-CSF, as a vac-
cine adjuvant, are related to type 1 and type 2 dendritic cells
(DC), with DC1 priming naive T cells towards a cellular (T-
helper-type 1 [Th1]) response and DC2 promoting differenti-
ation to humoral immune responses (Th2). DC ratios shift
towards a predominance of DC1 when peripheral blood stem
cells are mobilized with GM-CSF and granulocyte colony-stim-
ulating factor (27). This would suggest that hematopoietic
growth factors shift T-cell responses. The differences noted
between Env™ and Env™ infants may well be due to different
amounts of GM-CSF produced upon HIV-1 encounter. Con-
sistent with lower maternal viral load as stimulus and sup-
ported by reduced levels of immune activation markers, Env*
infants produce less GM-CSF, which in turn could result in a
shift towards DC1 cells that drive Thl responses (Env*' re-
sponses). Another explanation lies in the fact that infant levels
are approximately 10-fold higher than those in adults, suggest-
ing that the role of GM-CSF in neonates is quite different from
that in adults, and may reflect the more naive immune state
evident in early life. Levels of GM-CSF in Env" infants were
reduced to almost adult levels, and so this may well be the
consequence of a more mature immune status in these infants,
possibly as a result of having developed HIV-1-specific immu-
nity through in utero exposure. Immune maturation may have
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been fast-tracked in these infants as a result of their exposure
histories, a process that would be advantageous in the context
of reexposure to HIV-1. Whether levels of GM-CSF play a role
in the development of T-cell responses or whether altered
levels of GM-CSF among Env™ infants are a consequence of
these responses remains to be determined.

In conclusion, our data are consistent with an animal study
that has demonstrated the development of protective immune
responses following exposure to subinfectious doses of SIV
(either due to abortive infection or infection with a virus of low
replication competency) (6). Our finding that Env"' infants
have reduced levels of B,-m (CD8™ T cells) and sL-selectin (T
lymphocytes, monocytes, and neutrophils) reflects altered ac-
tivation of different cell types. Also, the decreased GM-CSF
levels and a reduced ability of CBMCs to produce GM-CSF
highlights the fact that infants who develop specific immune
responses exhibit immune characteristics different from infants
without these responses. It is further intriguing that a deficient
phenotype of CC chemokine CCL3/CCL3-L1 production has
recently been shown, on the same mother-child cohort studied
here, to be associated with acquisition of IP infection (Env ™)
(19). Given the likely role of these molecules in the instruction
of adaptive immunity, the deficient production of CCL3/
CCL3-L1 in infants with IP infection may compromise the
development of primary immune responses against HIV-1
(19). Strategies that optimize the cellular components of the
immune system (the activation and expansion of virus-specific
CD4" and CD8" T-cell responses) (23) are important for
HIV-1 vaccine development. Our data have provided new in-
sights as to how protective immune responses might develop.
In neonates, induction of the Thl responses in early life could
require a prolonged exposure to low doses of antigen (17), less
nonspecific immune activation, and a more mature phenotype
in terms of capacity to produce GM-CSF in response to viral
antigens, thereby driving CD4" T cells along the Th1 differ-
entiation pathway (21, 29). Identifying factors involved in the
development of protective immune responses and the relation-
ships between such factors will aid in identifying critical com-
ponents of protective immunity to HIV-1; however, it will be
important to determine whether the correlates of protection
that develop during natural infection reflect those that are
protective during vaccine-induced immunity.
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