high as 350 K) of dimer row island forma-
tion in Si(100) has intriguing consequenc-
es. Besides providing a logical pathway
from adatom adsorption and diffusion to
growth of islands, these chain structures
and their prevalence suggest that the
smallest and most obvious stable structure
on the surface, the ad-dimer residing on
top of the dimer rows, does not participate
in a fundamental way in the growth of
larger dimer row islands. If this is so, it will
require reevaluation (at least on semicon-
ductor surfaces) of the concept of a critical
nucleus for growth and of the many rate
equation models for diffusion and growth
on this surface, which all require the size
of a critical nucleus as input. We no longer
appear to have, at these temperatures, a
well-defined critical or stable nucleus be-

cause growth proceeds from long-lived
metastable structures that may have a va-
riety of sizes.
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Virus-specific CD4* T helper lymphocytes are critical to the maintenance of effective
immunity in a number of chronic viral infections, but are characteristically undetectable
in chronic human immunodeficiency virus-type 1 (HIV-1) infection. In individuals who
control viremia in the absence of antiviral therapy, polyclonal, persistent, and vigorous
HIV-1-specific CD4™* T cell proliferative responses were present, resulting in the
elaboration of interferon-y and antiviral B chemokines. In persons with chronic in-
fection, HIV-1-specific proliferative responses to p24 were inversely related to viral
load. Strong HIV-1-specific proliferative responses were also detected following treat-
ment of acutely infected persons with potent antiviral therapy. The HIV-1-specific
helper cells are likely to be important in immunotherapeutic interventions and vaccine

development.

Infection with HIV-1 is characterized by a
quantitative decline in the number of CD4*
lymphocytes and a qualitative impairment of
their function (1). Immunological abnormal-
ities in T helper cell function occur early,
during the asymptomatic phase of infection
and before the loss in CD4 ™" cell number (2).
Loss of T cell function in vitro predicts pro-
gression to acquired immunodeficiency syn-
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drome (AIDS) and a decrease in survival
time (3). In addition to these general defects
in lymphocyte function, infection typically
fails to induce detectable HIV-1-specific
proliferative responses (4). It is thought that
CD4™ helper cell responses play a key role in
maintaining effective immunity in murine
models of chronic viral infections (5). In
HIV-1 infection, the lack of virus-specific
proliferative responses is the most dramatic
defect in the repertoire of the immune sys-
tem. When such responses have been ob-
served, they are typically weak, with stimu-
lation indices (Sls) rarely greater than 5 (6).

Recently, a subset of HIV-1-infected
persons who appear to successfully control
virus replication in the absence of antiret-
roviral therapy has been identified. Despite
infections of up to 18 or more years, these
individuals maintain normal CD4" T cell
counts, low to undetectable viral loads, and
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have no evidence of HIV-1-related disease
manifestations (7). The persistence of vig-
orous cytolytic T lymphocyte (CTL) and
humoral immune responses in some of these
individuals suggests that the host immune
response may be effectively containing viral
replication (8). Given the demonstrated
importance of virus-specific CD4* T helper
cell responses in other chronic viral infec-
tions, we examined individuals with long-
term nonprogressive infection for evidence
of such responses directed against HIV-1.
Initial studies were performed in an
HIV-1-infected hemophiliac (subject 161-
J) with 18 years of documented seropositiv-
ity, a normal CD4* T cell count, and a viral
load of <400 RNA molecules per milliliter
of plasma, who had never been treated with
antiretroviral agents. Consistent with pre-
vious studies (9), an extremely vigorous
CTL memory response was detected, with
more than 1 HIV-1-specific CTL per 200
peripheral  blood mononuclear cells
(PBMC) (10). Freshly isolated PBMC from
this subject were exposed to whole soluble
HIV-1 p24 and gpl160 protein, resulting in
vigorous virus-specific lymphocyte prolifer-
ation (Fig. 1A). Nearly identical results
were obtained with HIV-1 antigens derived
from baculovirus, yeast, and Chinese ham-
ster ovary (CHO) cells, whereas control
antigens derived from the same sources elic-
ited no responses. The PBMC stimulated
with p24 resulted in the most vigorous lym-
phocyte proliferation, with SI > 200 to
baculovirus- and CHO-derived antigens.
Envelope protein gpl60 elicited a less in-
tense but significant lymphocyte prolifera-
tive response to baculovirus- and yeast-de-
rived antigen. The responses were mediated
by the CD4* T lymphocyte subset, as dem-
onstrated by loss of activity with depletion
of CD4™* cells (Fig. 1B). These virus-specif-
ic proliferative responses were highly repro-
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ducible over the 2 years of observation (11),
indicating that such responses can persist in
the absence of detectable viremia and in
the absence of disease progression.

Having observed a strong virus-specific
proliferative response in a subject who is
controlling viral replication, we next exam-
ined the association between plasma HIV-1
RNA viral load and lymphocyte prolifera-
tive responses in a cohort of individuals
with a wide range of viral loads. Ten HIV-
l-infected individuals with varying clinical
histories and viral loads who had never
been treated with antiretroviral therapy
were evaluated (12). The relation between
viral load and proliferative response to p24
antigen was examined by linear regression.
The analysis demonstrated a highly signifi-
cant inverse correlation (Fig. 2): Individu-
als with the strongest p24-specific prolifer-
ative responses had the lowest viral loads,
and those individuals with higher HIV-1
viral loads had a markedly decreased ability
to respond to p24 (R = —0.80, P < 0.006),
whereas analysis of CD4 count versus viral
load showed only a trend (P < 0.06). For
eight of the individuals evaluated, assays
were repeated on a second visit, and the
results were similar. This inverse association
was confirmed in a second independent
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Fig. 1. HIV-1—specific CD4* proliferative respons-
es to HIV-1 antigens. (A) In vitro lymphocyte pro-
liferative responses were determined for PBMC
from an asymptomatic HIV-1 infected subject
(subject 161-J). PBMC were isolated by Ficoll-
Hypaque density centrifugation and tested in a
standard [H]thymidine uptake assay using the
designated antigens derived from HIV-1 gp160
and p24, as well as control proteins (30). (B) HIV-
1-specific proliferation is mediated by the CD4+
lymphocyte subset. Aliquots of PBMC from the
subject in (A) were depleted of either the CD8* or
CD4+* fraction with the use of antibody-coated
flasks according to manufacturer’s instructions
(Applied Immune Sciences, Menlo Park, Califor-
nia) and were tested for proliferation to HIV-1 an-
tigens and PHA (phytohemagglutinin). Efficiency
of CD8* and CD4* depletions was 94.7 and
89.3%, respectively.
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cohort of 15 infected, untreated persons
from San Francisco [R = —-0.78, P <
0.001 (13)]. Comparison of proliferative
responses to Env protein and viral load did
not show a correlation, but significant
Env-specific responses were seen exclu-
sively in persons with low viral loads (14).

To ensure that the observed CD4" T
cell responses were not just reflective of the
duration of infection, we evaluated a long-
term nonprogressing patient with a high
viral load. This subject had documented
HIV-1 infection for more than 10 years, a
CD4 cell count of 900 cells/mm?, and a
viral load of 175,000 RNA molecules per
milliliter of plasma. In this individual, SI to
p24 and gpl60 antigen remained at <2.5
even 9 months after the viral load was
reduced to less than 400 RNA copies per
milliliter of plasma by initiation of combi-
nation antiretroviral therapy. We also de-
tected no evidence of HIV-1-specific pro-
liferative responses to either p24 or gpl60
in 15 seronegative lab workers and 20 indi-
viduals who had been repeatedly exposed
sexually to HIV-1 but remain uninfected
(p24: mean SI = 1.5, range = 0.5 to 4.8;
gpl160: mean SI = 1.2, range = 0.1 to 5.0).

To further characterize the HIV-1-spe-
cific lymphocyte responses, we examined
the in vitro kinetics of lymphocyte prolifer-
ation over a 6-day period in two persons
with robust responses. Both subjects dem-
onstrated vigorous proliferative responses to
both p24 and gpl60, with detectable re-
sponses as early as day 2 (Fig. 3, A and B).
In contrast, subjects with undetectable re-
sponses at day 6 likewise had undetectable
responses at earlier times (14). Induction of
proliferation was achieved with concentra-
tions of p24 antigen as low as 0.05 pg/ml
(15). Limiting dilution analysis revealed a
frequency of p24-specific CD4 cells of
greater than 1 per 10,000 PBMC for subject
161-] and greater than 1 per 19,000 PBMC
for subject CTS-01 (16). Exposure to
HIV-1 antigen resulted in the specific in-
duction of interferon-y production (Fig.
3C), indicating that the response is Th-1-
like (17). Similarly, stimulation with viral

Fig. 2. p24-Specific CD4* lymphocyte prolifera-
tion is inversely correlated with HIV-1 plasma viral
load. Proliferative assays and simultaneous plas-
ma HIV-1 viral load measurements (solid circles)
were performed on 10 individuals with document-
ed HIV-1 infection with no prior antiretroviral ther-
apy (four long-term nonprogressors and six per-
sons with chronic infection of variable duration).
The relation between viral load and proliferative
response to p24 antigen was examined by linear
regression performed by the Statistica software
package (Statsoft, Tulsa, Oklahoma). In those

antigen resulted in the production of che-
mokines RANTES and the macrophage in-
flammatory proteins MIP-la and MIP-1B
(Fig. 3D), which have been shown to me-
diate potent inhibition of macrophage trop-
ic strains of HIV-1 (18). The p24-specific
proliferation was not associated with the
production of interleukin-4 (IL-4) or IL-10,
and no IL-4, IL-10, or interferon-y was
detected in persons who lacked detectable
proliferative responses to p24 (19). Prolif-
erative responses to HIV-1 antigen were
abrogated with the addition of 100 ng/ml of
rIL-10 (19), suggesting that a Th-2-type
cytokine environment may have a profound
antiproliferative effect (20).

We further characterized two individu-
als with strong p24-specific helper cell
responses to determine the dominant
epitopes targeted. When overlapping 22—
amino acid peptides spanning p24 were
used, peptide-specific proliferative re-
sponses (conservatively defined as an SI >
10) were detected in both individuals,
confirming the presence of virus-specific
proliferative responses and demonstrating
that multiple epitopes are targeted. The
dominant response in subject 161-] was to
a peptide in the NH,-terminal portion of
p24 [residues 133 to 154: PIVQNIQGQM-
VHQAISPRTLNA (21)] with an SI of 83,
whereas the dominant response in subject
CTS-01 was to the peptide composed of
residues 213 to 234 (DRVHPVHAGPI-
APGQMREPRGS), with an SI of 102.
Some peptides were targeted by both in-
dividuals, whereas other peptides eliciting
SI > 10 were differentially recognized
(22). For both subjects, whole protein
generated higher stimulation indices than
did any individual peptide, consistent
with the polyclonal nature of the response.
No significant proliferative responses to
HIV-1 peptides were detected in HIV-1
seronegative control subjects (23).

We next examined the effect of antiviral
therapy instituted during primary infection
on the HIV-l-specific proliferative re-
sponse, to determine if the inhibition of
viral replication early in the course of in-
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subjects with an undetectable viral load, a value of 400 copies/ml (minimum detectable value) was
assigned. The solid line represents the linear regression, and the dotted line represents the 95%
confidence interval. Proliferation assays were performed as described in Fig. 1.
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Three individuals diagnosed with acute
HIV-1 retroviral syndrome (24) and treated
with combination antiviral therapy before
seroconversion all demonstrated the gradu-
al generation of virus-specific proliferative
responses as viral load was suppressed to
undetectable levels (Fig. 4). With the ini-
tiation of aggressive antiviral therapy, the
lowering of plasma viral load was strongly
associated with the generation of a p24-

—0.85, P < 0.008) (Fig. 4D). These results
contrast with the reported lack of strong
HIV-1-specific proliferative responses af-
ter initiation of potent antiviral therapy in
chronic infection (25), and with the lack
of detectable responses in a person tested 6
months after seroconversion who was not
treated with antiviral therapy [subject JH-
5300 (12)]. No untreated patients identi-
fied at the time of primary infection were

all patients chose to follow recommenda-
tions to initiate antiviral therapy.

These data provide evidence that HIV-1
induces a strong HIV-1-specific prolifera-
tive response in persons who are controlling
viremia in the absence of antiretroviral
therapy and suggest that early, aggressive
treatment of primary infection may facili-
tate the generation of these responses. Al-
though disease progression in HIV-1 infec-
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Fig. 4. Detection of HIV-1-specific proliferative responses after combina-
tion antiretroviral therapy during primary HIV-1 infection. (A, B, and C)
Lymphocyte proliferation assays for three individuals diagnosed with pri-
mary HIV-1 infection and acute retroviral syndrome (23). All individuals
began treatment with three drug combination therapy (including a protease
inhibitor) at the time of diagnosis and had viral loads <400 copies/ml within
2 months of initiating therapy. (D) Gradual generation of a p24-specific
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tion is likely to depend on several factors,
the inverse association between p24-specif-
ic CD4* T cell proliferative responses and
viral load is consistent with the hypothesis
that these responses contribute to immuno-
logical control of virus replication. This
hypothesis is supported by animal models of
chronic viral infection, which have shown
that the presence of functional CD4 ™" cells
is essential for the maintenance of effective
immunity during chronic infections (5). In
addition, cytomegalovirus-specific helper
cells appear to be important for mainte-
nance of cytomegalovirus-specific CTLs af-
ter adoptive transfer in humans (26). In
HIV-1 infection, virus-specific CD4 " cells
may be selectively eliminated during prima-
ty infection, because these cells would be
activated during a period of high-level vire-
mia and therefore would be particularly sus-
ceptible to infection (27). Alternatively,
such cells could be selectively eliminated by
activation-induced cell death during the
period of persistent high antigen load in
primary infection (28). The mechanisms
whereby CD4* cells contribute to the
maintenance of effective antiviral immuni-
ty are not known but may relate to en-
hanced CTL precursor activity, increased
production of antiviral cytokines, or aug-
mentation of humoral immune responses.
Therapy with potent antiviral agents in
persons with chronic infection has resulted
in modest increases in CD4 cell function
but has not resulted in the restoration of
strong or persistent HIV-1-specific CD4"
T cell proliferative responses (25). Whether
benefit would be derived from the induc-
tion of virus-specific CD4" T cells in
chronically infected individuals, in con-
junction with control of viral load by anti-
viral drugs, deserves to be tested. Induction
of strong HIV-specific CD4* proliferative
responses have already been achieved with
DNA vaccination in an animal model, sug-
gesting that the means to test this are avail-

able (29).
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ries, Abbott Park, IL), the presence of HIV-1 viral
RNA (AMPLICOR HIV MONITOR TEST, Roche Di-
agnostic Systems, Branchberg, NJ), and subse-
quent seroconversion documented by both HIV-
1/2 enzyme immunoassay and protein immunoblot
(Abbott Laboratories). Proliferation assays were
performed at baseline (before initiation of antiviral
therapy) and at designated intervals during thera-
py, with the use of baculovirus-derived p24 antigen
at 5 pg/ml.
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Proliferation assays were performed by resuspend-
ing PBMC in RPMI 1640 medium containing 10%
human AB serum, Hepes buffer, L-glutamine, and
penicillin-streptomycin. Cells (1 X 10° cells per well)
were cultured in six replicate wells of 96-well U-bot-
tom plates in the presence of HIV-1 recombinant
proteins, control proteins, tetanus toxoid, or medium
alone. Six days later, the cells were pulsed with [®H]-
thymidine at 1.0 wCi per well, and uptake was mea-
sured 6 hours later with a scintillation counter (Pack-
ard Topcount, Packard Instruments, Meriden, CT).
The HIV-1 p24 and gp160 proteins (Protein Science,
Meriden, CT) are recombinant proteins derived from
the gag or env gene of HIV-1 (NY-5 and LAV strains,
respectively) produced in a baculovirus expression
system and demonstrated 90 to 95% purity. These
proteins were tested over a range of concentrations,
with 0.5 pg/ml as the standard concentration. A
mixture of baculovirus proteins was used as a control
antigen at 0.015 pg/ml (equal to the baculovirus
antigen concentration in the recombinant proteins),
with comparable results obtained at 1.5 wg/ml.
Yeast- and CHO-derived HIV-1 proteins were pro-
vided by Chiron (Emeryville, CA). The yeast-derived
p24 Gag protein (residues 139 to 369) is recombi-
nantly derived in a yeast expression system using the
HIV-1 strain SF2. The gp120 was derived from HIV-
SF2 expressed in CHO cells. These proteins demon-
strated >90 and 94.8% purity, respectively. Each
protein was used at a concentration of 0.5 pg/ml,
and preparations of CHO and yeast proteins were
used as controls for these antigens at 0.5 pg/ml.
Tetanus toxoid (Connaught Laboratories, Wil-
lowdale, Ontario, Canada) was used at 2 pg/ml. For
the recombinant HIV-1 proteins, a stimulation index
(Sl) was defined as the ratio of the mean counts per
minute (CPM) of the HIV-1 protein wells to the mean
CPM of the control protein wells. For tetanus toxoid,
Sl was defined as the ratio of the mean CPM of the
stimulated wells to the mean CPM of six control wells
containing PBMC and medium alone. For assays
using CD4- or CD8-depleted PBMC, cells were cul-
tured as described above in the presence of y-irra-
diated (40 Gy) autologous PBMC and antigen.

We thank D. K. H. Wong for help and advice with
statistical analysis, M. Hirsch , D. Cotton, V. Young,
and C. Hay for review of manuscript, T. Flynn and L.
Larosa for help with patients, and D. J. Ruhl for
technical help. This project was supported by NIH
grants  RO1-A128568, F32-A109738, RO1-
A136550, U19-A136611, and UO1-Al41531,

16 July 1997; accepted 10 October 1997

SCIENCE ¢ VOL. 278 » 21 NOVEMBER 1997 ¢ www.sciencemag.org





