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Virus-speci®c T-helper cells are considered critical for the control
of chronic viral infections1,2. Successful treatment of acute HIV-1
infection leads to augmentation of these responses3±5, but whether
this enhances immune control has not been determined. We
administered one or two supervised treatment interruptions to
eight subjects with treated acute infection, with the plan to restart
therapy if viral load exceeded 5,000 copies of HIV-1 RNA per

millilitre of plasma (the level at which therapy has been typically
recommended) for three consecutive weeks, or 50,000 RNA copies
per ml at one time. Here we show that, despite rebound in
viraemia, all subjects were able to achieve at least a transient
steady state off therapy with viral load below 5,000 RNA copies per
ml. At present, ®ve out of eight subjects remain off therapy with
viral loads of less than 500 RNA copies per ml plasma after a
median 6.5 months (range 5±8.7 months). We observed increased
virus-speci®c cytotoxic T lymphocytes and maintained T-helper-
cell responses in all. Our data indicate that functional immune
responses can be augmented in a chronic viral infection, and
provide rationale for immunotherapy in HIV-1 infection.

Many viruses, including Epstein±Barr virus and cytomegalo-
virus, are not cleared by the host but are controlled by an effective
immune response6. Others, including hepatitis C virus and HIV-1,
are usually characterized by lack of immune control and progressive
infection. This has been linked to a lack of virus-speci®c T-helper-
cell responses, which are required for maintenance of effective
cytotoxic T-lymphocyte (CTL) function during the chronic phase
of infection1±5,7±11. In contrast, immediate treatment of acute HIV-1
infection with highly active antiretroviral therapy (HAART) leads
to generation of strong HIV-1 Gag-speci®c T-helper-cell responses3,
and anecdotal cases of control of viraemia after treatment of acute
HIV infection4,12,13 have been associated with these responses4,12. We
therefore examined the antiviral effectiveness of cellular immune
responses in individuals effectively treated with HAART during
acute or early HIV-1 infection.

Sixteen individuals were identi®ed with symptomatic acute HIV-1
infection14, as were two subjects with recent infection (, 180 d).
All were started on HAART, most within 72 h of diagnosis (range
1±34 d). Gag-speci®c T-helper-cell responses became detectable
in the 15 subjects in whom treatment led to complete suppression
(, 50 RNA copies per ml) of plasma viraemia, and were maintained
at levels similar to those in subjects who spontaneously control
viraemia (Fig. 1). Untreated subjects with documented acute
infection15 had weak or absent Gag-speci®c T-helper-cell responses
(P , 0.01). Similarly, T-helper-cell responses were lower in subjects
started on therapy during chronic infection (P , 0.01), with the
only clearly positive response in a subject who initiated therapy
despite only 4,000 HIV-1 RNA copies per ml plasma. HIV-1-speci®c
CTL responses at 1 yr, measured by interferon (IFN)-g enzyme-
linked immunospot (Elispot) assay, were modest in the 18 individ-
uals with treated primary HIV-1 infection, with a cumulative mean
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Figure 1 HIV-1 Gag-speci®c T-helper-cell responses in HIV-1 infection. Values at 1 yr of

treated acute infection (acute treated) were compared with uninfected subjects (control),

subjects ®rst treated in the chronic phase of infection (chronic treated), subjects with

untreated acute infection (acute untreated), and subjects with long-term non-progressing

HIV-1 infection who are able to control viraemia to less than 1,000 RNA copies per ml

plasma in the absence of therapy (LTNP). Lymphocyte proliferation to Gag protein is shown

as stimulation index. Elispot assays showed that the IFN-g production was speci®cally

induced, consistent with a Th-1 type immune response (data not shown). Open symbols

indicate subjects with treated acute infection infected with drug resistant HIV.
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Figure 2 Viral load in a pilot study of successive treatment interruptions in a 32-yr-old

male with treated acute HIV-1 infection. This subject was treated with HAART (ZDV, 3TC

and IDV) for 19 months before interruption in therapy. Time zero represents the ®rst

therapy interruption. Shaded areas represent treatment with the same HAART regimen.

The second therapy interruption was off protocol owing to viral hepatitis. Cumulative HIV-

1-speci®c CTL responses, as measured by Elispot, increased from 2,360 SFCs per 106

PBMCs before the ®rst interruption to a peak of 5,760 SFCs per 106 PBMCs after the last

treatment interruption (data not shown).
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of 460 spot-forming cells (SFCs) per 106 peripheral blood mono-
nuclear cells (PBMCs) (s.d. 650 SFCs per 106 PBMCs) directed
against only a few CTL epitopes (median 2, range 0±7).

To determine whether the immune responses induced with early
treatment of acute infection were functional, we obtained Institu-
tional Review Board approval for a pilot study to discontinue
antiviral treatment. Therapy resumption was required for any
viral load $ 10,000 HIV-1 RNA copies per ml. Discontinuation in
the initial subject AC-01 led to recurrence of viraemia, which was
controlled with re-institution of therapy (Fig. 2). Subsequent acute
hepatitis A virus infection necessitated an unplanned treatment
interruption owing to liver function abnormalities, at which time
virus rebounded more rapidly and to a higher peak, but then
declined without treatment to 490 RNA copies per ml plasma
over the next 6 d. Therapy was subsequently restarted after liver
enzymes had normalized. Approval was then granted to discontinue
therapy again and resume for a viral load . 50,000 copies per ml.
Viraemia was detected earlier (9 d), rose to a lower peak and
declined to 4,680 copies 5 d later (Fig. 2), which is below the level
at which therapy has been typically recommended16. A subsequent
episode of bacterial pharyngitis was associated with a modest
increase in viraemia, which declined without the re-institution of
therapy. CD4+ T-cell counts remained stable throughout (data not
shown). Although not required by protocol, the patient decided to
resume treatment when viral load was 3,820 RNA copies per ml.

On the basis of these results, we enrolled eight new subjects in a
revised protocol, mandating the re-initiation of therapy for a viral
load . 5,000 RNA copies per ml for three consecutive weeks or a
single value $ 50,000 copies. These eight (Table 1) were indistin-
guishable in terms of viral load, CD4 counts and HIV-1-speci®c
T-helper and CTL responses from the other eligible subjects who did
not interrupt therapy.

During the ®rst treatment interruption, plasma virus became
detectable in all subjects after a median of 17 d (range 7±38 d).
Although early peaks in viraemia were observed, viral load dropped
to consistently below 5,000 RNA copies per ml plasma in three

subjects (Fig. 3). Two remain off therapy after 8.7 and 7.4 months,
respectively. One (AC-13) elected to restart HAART after 91 d,
having never exceeded 5,000 RNA copies per ml plasma. He
subsequently discontinued therapy again and has a viral load of
280 RNA copies per ml plasma 5.4 months later. In these three
subjects, Gag-speci®c T-helper-cell responses ¯uctuated but were
maintained during and after treatment interruption (Fig. 3). Virus-
speci®c CTL responses (Fig. 3) were meagre but detectable at the
time of therapy interruption, and directed against a median of three
CTL epitopes (range 1±3). Exposure to virus in these three subjects
was associated with greater than tenfold increases in median CTL
from 110 SFCs per 106 PBMCs (range 40±300) to 1,730 SFCs per 106

PBMCs (range 440±2,850) (P , 0.001). CTL responses also broad-
ened to target more epitopes in one of the three subjects (AC-13).

Five of the eight individuals were required to restart therapy after
the ®rst treatment interruption, four after plasma virus load
exceeded 50,000 HIV-1 RNA copies per ml plasma and one because
the viral load exceeded 5,000 RNA copies per ml plasma for three
consecutive weeks (Fig. 4a). All ®ve underwent a second treatment
interruption. Plasma viraemia rose to a lower peak level in all
(P , 0.01), and then dropped to less than 5,000 RNA copies per ml
without treatment (Fig. 4b). Only one subject (AC-04) met criteria
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Figure 3 Virology and immunology in three subjects who controlled viraemia after the ®rst

treatment interruption. In all three, plasma virus load rose but then dropped, remaining

consistently below 5,000 copies of HIV-1 RNA per ml (upper row). Gag-speci®c T-helper-

cell responses were maintained in all three subjects (middle row). CTL responses

increased signi®cantly from baseline values and are shown as responses against

individual CTL epitopes with HLA restriction (lower row). CTL responses were con®rmed

by cloning and testing in cytolytic assays, as described29. The shaded area indicates

antiviral therapy re-initiated by subject 3, despite not meeting protocol indication for

re-treatment.

Table 1 Subjects with acute or early HIV infection in a prospective trial of
treatment interruption

Subject Age Therapy* Days from presentation
to initiation of therapy

Days on therapy
before interruption

.............................................................................................................................................................................

AC-02 42 ZDV,3TC,NFV 3 680
AC-04 35 ZDV,3TC,NFV 7 594
AC-05 37 ZDV,3TC,NFV 2 653
AC-06 36 D4T,3TC,NFV 4 546
AC-10² 30 D4T,3TC,IND 4 573
AC-13 32 D4T,3TC,IND 15 358
AC-14² 44 D4T,3TC,IND 34 383
AC-16 34 ZDV,3TC,IND 2 1081
.............................................................................................................................................................................

* ZDV, zidovudine; D4T, stavudine; 3TC, lamivudine; IND, indinavir; NFV, nel®navir.
² ELISA positive but infection within 180 days at time therapy initiated.
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to restart therapy when viral load reached 17,100 RNA copies per
ml plasma after 5.5 months of treatment interruption. Two remain
off therapy after 6.5 and 5.3 months, respectively, with most
recent plasma viral loads of 290 and 200 RNA copies per ml,
respectively. Two subjects elected to restart therapy despite not
having met protocol criteria, one with a viral load of 4,600 RNA
copies per ml plasma after 4 months off therapy, and one with a
viral load trending up at 10,860 RNA copies per ml plasma after
5 months.

In these ®ve individuals, Gag-speci®c T-helper-cell responses
declined during the ®rst treatment discontinuation but rose to
levels higher than baseline with the re-initiation of therapy (Fig. 4c).
During the second interruption in treatment, the stimulation index
transiently declined and then rose in the absence of therapy and
despite maintained low levels of plasma virus. In addition, the mean
length of time off therapy was extended from 38 d to 157 d. Virus-
speci®c CTL responses increased signi®cantly after re-exposure to
viral antigen during the ®rst treatment interruption (P , 0.01), and
had broadened to a median of three epitopes targeted (Fig. 4d). Two
subjects who previously had no detectable CTL responses (AC-14
and AC-04) developed these for the ®rst time after stopping therapy.
CTL responses persisted at high levels after re-institution of
HAART, despite undetectable viral RNA in plasma. During the
second treatment interruption, CTL again increased (Fig. 4d) and
more epitopes were targeted (P , 0.01, compared with baseline
before the ®rst treatment interruption). Dynamic immunologic
control was further suggested by subject AC-02, who experienced a
late increase in viral load to almost 20,000 RNA copies per ml
plasma that spontaneously declined to 160 copies per ml. The
decrease in viraemia was associated with further broadening of
the CTL response (data not shown). In contrast, subjects who did
not interrupt treatment had no increase in magnitude or breadth of
HIV-1-speci®c CTL responses (data not shown).

At the time of writing, ®ve of the eight individuals remain off
therapy an average of 2.7 yr after initial infection, with most recent
viral loads less than 500 RNA copies per ml plasma (Figs 3 and 4b).

This is highly signi®cant (P , 0.001) compared with historical
controls from the Multicenter AIDS Cohort Study (MACS), in
which only 4 out of 109 subjects with documented acute infection
had viral loads less than 500 RNA copies per ml plasma 30 months
after infection (ref. 17; and A. Munoz, personal communication).
Comparison of those with viral loads less than 5,000 copies per ml
was also highly signi®cant, with 5 out of 8 in our cohort compared
with 16 out of 109 in the MACS after a comparable period of
infection (P , 0.001). None of the infected subjects recognized all
predicted viral CTL epitopes for their expressed human leukocyte
antigen (HLA) class I alleles, suggesting that further broadening of
the immune response under HAART treatment may confer addi-
tional bene®t on immune control18±20. This is a currently testable
hypothesis, for example by using dendritic cells pulsed with syn-
thetic viral peptides containing CTL and T-helper-cell epitopes21, or
by therapeutic immunization. Such approaches might decrease the
risks inherent in treatment interruptions, particularly the potential
development of antiviral drug resistance.

Our data show that functional HIV-1-speci®c CD4 and CD8
T-cell responses can be enhanced with early treatment of acute
infection. They contrast the reported lack of immune control after
treatment interruption in chronic infection22. Our data do not allow
one to assess the contribution of sequential treatment interruptions
to immunologic control of viraemia, as we re-instituted therapy
before viral set point was achieved in the ®ve subjects who under-
went two interruptions in therapy. Whether effective immune
augmentation can be achieved in chronic infection through
repeated structured treatment interruptions is an important issue
that is yet to be addressed, as is the durability of the observed
immune control in our cohort. The effect on clinical outcome will
require further longitudinal studies. Viral load has been used as a
surrogate for ef®cacy in drug trials in HIV-1 infection, and if the
same criteria are applied, one would predict a survival advantage.
The successful containment of viraemia in most of these subjects
provides rationale to support the practice of treating individuals
with HAART during acute or early HIV-1 infection, and provides
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Figure 4 Virology and immunology in subjects requiring repeated treatment interruption.

a, Five subjects met viraemia criteria to re-institute therapy during the ®rst treatment

interruption. Viral load (RNA copies per ml plasma) at the time of therapy resumption was

as follows: AC-02, 187,000; AC-04, 14,800; AC-05, 116,000; AC-06, 139,000; AC-14,

111,000. Upon re-initiation of therapy, HIV-1 load declined below limits of detection in all

individuals within 35±130 d (data not shown). b, After a median of 16 weeks of additional

therapy (range 13±30 weeks), therapy was again interrupted. c, d, Gag-speci®c T-

helper-cell responses (c) and HIV-1-speci®c CTL responses (d) were assessed at the time

therapy was stopped (stop), at the time of protocol-mandated re-institution of therapy

(start), and at designated days in between. Shaded bars indicate assays performed when

subjects were on HAART. CTL magnitudes are given as mean of total CTL responses per

individual, calculated as the sum of responses against optimal CTL epitopes. The median

number of CTL epitopes recognized per individual is indicated within the bars, and

reached a median of four per individual after the last interruption (range 2±9). CTL

responses were con®rmed by cloning and testing in cytolytic assays. P values are

calculated for changes in CTL magnitude. Asterisk indicates that analysis was limited to

four subjects.
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rationale to explore immunotherapeutic interventions in both acute
and chronic HIV-1 infection. M

Methods
Subjects

Sixteen individuals were identi®ed with symptomatic acute HIV-1 infection14, de®ned by
the presence of HIV-1 RNA in the plasma, and negative or weakly positive antibody tests
(HIV 1/2 enzyme-linked iummnosorbent assay (ELISA) and HIV-1 western blot). We
identi®ed two additional subjects with a recent syndrome compatible with acute HIV-1
infection and positive antibodies to HIV-1, in whom an ELISA-based assay con®rmed
HIV-1 infection within the previous 180 d (ref. 23). The median plasma HIV-1 load was
4.85 ´ 106 RNA copies per ml plasma (range 0.25±30.7 ´ 106 copies per ml) in the
subjects diagnosed before seroconversion. The median CD4+ T-cell count before
initiation of therapy was 365 cells per mm3 (range 130±1,020 cells per mm3; normal 380±
1,630 cells per mm3). The two subjects identi®ed after HIV-1 seroconversion had viral
loads of 0.4 ´ 106 and 0.95 ´ 106 copies per ml and CD4+ T-cell counts of 920 and
980 cells per mm3, respectively. In addition, 6 subjects identi®ed within 6±12 months of
documented acute HIV-1 infection were used as an untreated control group. All
individuals initiated HAART at the time of diagnosis with anti-retroviral regimens
comprising either two nucleoside reverse transcriptase inhibitors combined with a
protease inhibitor or a non-nucleoside reverse transcriptase inhibitor, or both. Additional
groups of study subjects included 6 subjects identi®ed within 6±12 months of docu-
mented HIV-1 seroconversion, and evaluated before the initiation of therapy15; 12 subjects
with chronic HIV-1 infection whose virus had been effectively suppressed by HAART
(viral loads , 50 RNA copies per ml plasma) for at least 12 months, 7 of whom had CD4+

T-cell counts . 500 cells per mm3 before initiating therapy; and 9 subjects with chronic
HIV-1 infection who controlled viral replication in the absence of anti-retroviral therapy
(viral load , 1,000 RNA copies per ml, CD4 T cells . 500 per mm3, . 10 yr infection).

Treatment interruption

Entry criteria included treatment with HAART before or around the time of HIV-1
seroconversion, consistent suppression of viraemia to below levels of quanti®cation (, 50
RNA copies per ml plasma) for at least 8 months, and lack of evidence of signi®cant
mutations conferring drug resistance24. HIV-1-speci®c T-helper-cell function before
discontinuation had to exceed a stimulation index of 10, and net counts per minute
(c.p.m.) had to be $ 800. All anti-retroviral medications were discontinued
simultaneously.

HIV-1-speci®c T-helper-cell assays

We carried out lymphocyte proliferation assays with baculovirus-derived HIV-1 Gag and
gp160 protein. PBMCs were incubated with peptide (5 mg ml-1) for 6 d and then pulsed
with [3H]thymidine at 1.0 mCi per well for 6 h, as described3. For the purposes of data
interpretation, a stimulation index of 5 or greater was considered signi®cant.

IFN-g Elispot assays of HIV-1-speci®c CD4 and CD8 T-cell responses

Synthetic peptides for detection of CTL responses comprised 259 overlapping peptides of
15±20 amino acids, overlapping by 10±11 amino acids, spanning the entire p17 Gag, p24
Gag, Nef, gp41, gp120 and reverse transcriptase B-clade coding regions, and a panel of
described optimal CTL epitopes for the HLA-type of the individual tested25. A median of
16 (range 5±28) described optimal CTL epitopes were tested per individual. For CTL
detection by Elispot, we plated fresh or frozen PBMCs in 96-well polyvinylidene di¯uoride
backed plates (MAIP S45, Millipore) that had been previously coated with 0.5 mg ml-1 of
an anti-IFN-g monoclonal antibody 1-D1k (Mabtech, Stockholm, Sweden) overnight at
4 8C. We added PBMCs to the wells at 50,000 to 100,000 cells per well, and processed and
counted plates as described26. We counted IFN-g-producing cells by direct visualization
and express them as spot-forming cells (SFCs). The negative controls were subtracted, and
in all cases were less than 40 SFCs per 106 input cells. We generated CTL clones to con®rm
the cytolytic ability of the antigen-speci®c responses, as described27. We quantitated CD4+

T-helper-cell responses using a similar assay, with minor differences. We incubated
PBMCs (1 ´ 106) overnight in a 48-well plate with HIV-1 p24 antigen, baculovirus control
protein or medium alone. Cells were then transferred to Elispot plates pre-coated with
2.5 mg ml-1 monoclonal IFN-g antibody (Endogen, Woburn, MA), and incubated for 24±
48 h. Plates were developed and counted as above. For each response to an overlapping
peptide, the optimal CTL epitope contained within the 15±20 mer was characterized and
used for the subsequent quanti®cation of CTL responses.

Sequencing of HIV-1 protease and reverse transcriptase

Virion RNA was extracted (QiAmp Viral RNA kit, Qiagen) from centrifuged plasma
before complementary DNA synthesis (Superscript II, Gibco-BRL). Two rounds of
polymerase chain reaction were done with a nested set of primers amplifying a fragment
from p6 Gag through codon 350 in the reverse transcriptase (XL rTth DNA PCR kit, PE
Biosystems), and then sequenced directly and analysed as described28.

Statistical analysis

We carried out statistical analysis using GraphPad Instat version 3.00 for Windows 95
(GraphPad Software, San Diego, CA). Statistical signi®cance (P values) of results were
calculated by two-tailed t-test and by x2 analysis.
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