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HIV-1 persists in a latent state in resting CD4* T lymphocytes of infected adults despite prolonged high-
ly active antiretroviral therapy (HAART). To determine whether a latent reservoir for HIV-1 exists in
infected children, we performed a quantitative viral culture assay on highly purified resting CD4* T cells
from 21 children with perinatally acquired infection. Replication-competent HIV-1 was recovered from
all 18 children from whom sufficient cells were obtained. The frequency of latently infected resting CD4*
T cells directly correlated with plasma virus levels, suggesting that in children with ongoing viral repli-
cation, most latently infected cells are in the labile preintegration state of latency. However, in each of
7 children who had suppression of viral replication to undetectable levels for 1-3 years on HAART,
latent replication-competent HIV-1 persisted with little decay, owing to a stable reservoir of infected
cells in the postintegration stage of latency. Drug-resistance mutations generated by previous nonsup-
pressive regimens persisted in this compartment despite more than 1 year of fully suppressive HAART,
rendering untenable the idea of recycling drugs that were part of failed regimens. Thus the latent reser-

voir for HIV-1 in resting CD4" T cells will be a major obstacle to HIV-1 eradication in children.

J. Clin. Invest. 105:995-1003 (2000).

Introduction
The success of combination therapy for the treatment of
HIV-1 infection has resulted in a focus on sources of per-
sistent HIV-1 in treated individuals. HIV-1 exists in dif-
ferent forms in several compartments with different rates
of turnover. HIV-1 is present as free virions in plasma or
bound to follicular dendritic cells, as integrated provirus
in productively infected activated CD4* T cells and
macrophages, and in latent forms in resting CD4* T cells
(1). In resting CD4* T cells, the virus is found in 2 distinct
latent forms: a labile, cytoplasmic form consisting of
reverse-transcribed, unintegrated HIV-1 DNA (2) and a
second and more stable integrated form (3). The labile,
unintegrated form is found in recently infected resting
CD4* T cells and is thought to result from a block in viral
replication in resting lymphocytes, possibly at the level of
nuclear import of the preintegration complex (2, 4).
Whereas some resting CD4* T lymphocytes are permis-
sive to entry by HIV-1, T-cell activation is necessary for the
subsequent steps in the virus life cycle, including nuclear
import and integration of HIV-1 into the host genome.
The preintegration form of HIV-1 latency is relatively
unstable, with an estimated half-life as short as 6 days (J.
Blankson and R.F. Siliciano, unpublished data).

A second, more stable form of latency is seen in resting
memory CD4" T cells with integrated HIV-1 DNA. The
precise mechanisms involved in the generation of the

pool of latently infected resting memory CD4* T lym-
phocytes with integrated provirus are unknown. One
possibility is that these cells are generated when infect-
ed, activated CD4* lymphoblasts revert to a resting state
having survived the cytopathic effects of HIV-1 and the
host cytolytic effector mechanisms (3). These cells would
carry an integrated copy of the HIV-1 genome that is not
tully expressed in cells in a resting state.

Studies of the kinetics of the free virus turnover in the
plasma of HIV-1-infected adults and children who are
treated with highly active antiretroviral therapy
(HAART) have shown similar decay patterns. Within
days of initiating HAART, a rapid decay in plasma HIV-
1 RNA is observed. This rapid decay is attributed to inhi-
bition of the generation of newly infected CD4* lym-
phoblasts and the rapid turnover of both free virus in the
plasma (#12 < 6 hours) and the productively infected
CD4* lymphoblasts that produce most of the plasma
virus (t1/2 = 1 day) (5-9). A second, slower phase decay in
plasma HIV-1 RNA becomes apparent several weeks
after the initiation of HAART and most likely reflects the
turnover of compartments with longer half-lives, such as
infected macrophages (10, 11).

Whereas combinations of antiretroviral agents are
effective at suppressing viral replication to below the
detection limits of standard plasma HIV-1 RNA assays
and PBMC culture assays, they are ineffective at elimi-
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nating latent forms of HIV-1. HIV-1 has been shown in
recent studies in adults (12-14) to persist latently in
replication-competent forms in resting CD4* T lym-
phocytes despite prolonged suppressive treatment with
HAART. The persistence of HIV-1 in this compartment
suggests that these cells may contribute to a very slow
third-phase decay that may reflect the longer half-life of
memory CD4" T lymphocytes (15, 16). Whereas the
kinetics of the decay of free virus in the plasma of chil-
dren treated with HAART have been shown to be simi-
lar to those observed in adults (8, 9), the existence of a
latent cellular reservoir for HIV-1-infected children has
not been established, and the kinetics and the evolution
of latent HIV-1 in the resting CD4* T lymphocytes in
children treated with HAART have not been reported.

A priori, there are several reasons to believe that the
dynamics of the latent reservoir might be different in
children with perinatally acquired HIV-1 infection than
in adults. In children who acquire HIV-1 from their
mothers, infection is established in the setting of a devel-
oping T-cell repertoire, in the presence of high levels of
viral replication, and in the presence of deficient cyto-
toxic T-cell activity (17-22), and it might even be expect-
ed that the frequency of resting CD4* T cells with inte-
grated HIV-1 would be higher in infected children. In
adults, most of the latent virus in resting CD4* T cells
resides in cells with a memory phenotype (23). At birth,
memory cells are absent. During the first decade of life,
memory cells are generated and come to comprise about
50% of the total T-cell population by age 15 (24). Because
in perinatally infected children the memory cell com-
partment is actively generated in the setting of ongoing
viral replication, there was concern that a large reservoir
of latently infected resting memory CD4" T cells would
be established. The present study was undertaken to
establish the presence of a latent reservoir for HIV-1 in
infected children, to address the hypothesis that the fre-
quency of latently infected cells might be higher in chil-
dren than in adults, and to determine the kinetics and
evolution of latent HIV-1 in resting CD4* T lymphocytes
in children who were rendered aviremic by HAART.

Methods
Study population. Children with perinatally acquired
HIV-1 infection were eligible. Infection was diagnosed
in children older than 18 months of age by an HIV-1
ELISA with Western blot confirmation. In children who
were less than 18 months of age, infection was con-
firmed by the detection of plasma HIV-1 RNA.
Informed consent was obtained from the parent or
guardian for all study subjects, and assent was obtained
from those children who were aware of their diagnosis.
HIV-1 plasma RNA. Plasma HIV-1 RNA was measured by
HIV-1 RNA PCR (Amplicor HIV-1 Monitor Test; Roche
Diagnostic Systems, Branchburg, New Jersey, USA).
Culture assay for latently infected cells. Resting CD4* T
cells were isolated as described previously (3, 12, 23),
using mAb/magnetic bead depletion of monocytes, nat-
ural killer (NK) cells, B cells, CD8* T cells, and activated

CD4* T cells, followed by sorting for small CD4* HLA-
DR-cells. The purity was determined by flow-cytomet-
ric analysis of the sorted cells for the expression of CD4
and the absence of HLA-DR. Purities were typically
greater than 97%. For children in whom it became diftfi-
cult to culture HIV-1 from 2 to 5 million purified rest-
ing CD4" lymphocytes, the cell-sorting step was omit-
ted and bead-depleted cells (purity [D0%, data not
shown) were assayed. Latently infected cells were detect-
ed by a previously described (5, 23) limiting dilution cul-
ture assay in which purified CD4* HLA-DR-cells were
activated with phytohemagglutinin and irradiated allo-
geneic PBMC from an HIV-1 seronegative donor in
medium containing IL-2, then cocultured with CD8-
depleted CD4* lymphoblasts from an HIV-1 seronega-
tive donor. Supernatants were collected on day 14 and
analyzed for p24 antigen by ELISA (Coulter Electronics
Ltd., Hialeah, Florida, USA).

Mathematical and statistical methods. Virus culture data
were analyzed by a maximum likelihood method (25).
The frequencies were expressed as infectious units per
million (IUPM) resting CD4" cells. In cases where all
determinations were negative, an upper bound on the
infected cell frequency was estimated by making the con-
servative assumption that the next highest cell concen-
tration would be positive. Correlations between IUPM
and plasma RNA levels (plotted on a logarithmic scale)
and percent of CD4 were made using Spearman rank cor-
relation methods and the Mann-Whitney-Wilcoxon test.

Sequencing of the HIV-1 pol gene. HIV-1 pol sequences were
amplified by PCR from cell-associated DNA from cul-
tures of CD4* lymphoblasts infected with viruses isolat-
ed from latently infected cells. Genomic DNA was iso-
lated using standard methods (Gentra Systems Inc.,
Minneapolis, Minnesota, USA). The pol gene was ampli-
fied using published primers with PRT OS5 primer
(nucleotides 2008 to 2031; 5'GCCCCTAGGAAAAAGG-
GCTGTTGG3) and OUT3' (nucleotides 4263 to 4295;
5'CATTGCTCTCCAAT—TACTGTGATATTTCTCATG3') or
PRT15 (nucleotides 2057 to 2080; S' TGAAAGATTGT-ACT-
GAGAGACAGG3') and IN3 (nucleotides 4212 to 4246;
5'TCTATTCCATCTAAAA—ATAGTACTTTCCTGATTCC3').
The positions of the primers are numbered according to
the pol gene of the HXB2R isolate (http://hiv-
web.lanl.gov/NUM-HXB2/HXB2.MAIN.html).  The
DNA samples were heated to 94°C for 3 minutes, then
30 amplification cycles were performed (94°C for 30 sec-
onds, 57°C for 30 seconds, 68°C for 2 minutes and 15
seconds) followed by an incubation at 68°C for 5 min-
utes. Bands were gel purified using QIAquick PCR purifi-
cation kit (QIAGEN, Valencia, California, USA) and
cloned into a pCR-Blunt vector (Invitrogen Corp., Carls-
bad, California, USA) or pCR-Blunt11-TOPO (Invitro-
gen). Plasmid DNA purified using the QIAGEN purified
plasmid DNA kit was sequenced on a DNA sequencer
(ABI prism model 377; Perkin Elmer Applied Biosystem:s,
Foster City, California, USA) using the following
sequencing primers for forward sequencing (the SP6 pro-
moter, or Prot5' CAACT-CCCTCTCAGAAGCAGGAGCCC,
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Figure 1
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Representative flow cytometric
analysis of CD4 and HLA-DR
antigen expression on monocyte-
depleted PBMCs before (a) and
after (b) sequential magnetic
bead depletion and cell sorting.
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and RTS'AAATCCATACAATACTCCAGTATTTGC) and the
following antisense primers for reverse sequencing (T7
promoter, or 3'Prot GCAAATGGAGTATTGTATGGATTT,
and 3RT CTGTATGTCATTGACAGTCCA or TCTGTATGT-
CATTGACAGTCC). For the isolates in which the full-
length pol gene could not be amplified, the reverse tran-
scriptase (RT) and/or the protease regions of the pol gene
were amplified separately using the published primers
for the RT (26) and the protease (27) genes. Sequence val-
idation was carried out by recommended methods (28).
Sequencing was performed on viral isolates that repre-
sent distinct biological clones obtained with a limiting
dilution culture technique. Basic local alignment search
tool (BLAST) searches of the Genbank revealed that none
of the sequences matched laboratory or patient isolates
published previously. Phylogenic analysis by standard
methods (29-31) revealed the expected clustering of
sequences of distinct biological clones obtained from
individual patients. Observed resistance mutations were
consistent with treatment history of individual patients.
These sequences have been submitted to Genbank (acces-
sion numbers AF242321-AF242346).

Results
Clinical features. Table 1 summarizes the characteristics
of the 21 children enrolled the initial cross-sectional
study of the latent reservoir for HIV-1. The median age
at entry was 7.6 years (range 0.25-13.8 years). The
majority (85%) of children had mild to moderate HIV-
1 disease as defined by the Centers for Disease Control
(CDC) classification (33). For the entire cohort, the
median RNA level at entry was 5,698 copies/mL (range
<400 to > 750,000), the median CD4" cell count was
950 cells/mm? (range 209-2682 cells/mm?), and the
median CD4 percentage was 28 (range 8-49). Seven-
teen children (80%) had levels of plasma HIV-1 RNA of
more than 400 copies/mL at entry, and 19 children
were receiving antiretroviral therapy. Two children had
received no antiretroviral therapy at entry. For the
majority of children (70%), previous therapy consisted
of 1-2 nucleoside RT inhibitors. Six children were
receiving combination therapy with 2 nucleoside ana-
logues and the protease inhibitor ritonavir.

A subset of 9 children in the initial cohort achieved
durable suppression of viral replication on HAART and
were followed longitudinally to determine whether

B
1! 102 10 10
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there was time-dependent decay in the latent reservoir.
Included in this group were 6 children (patients 7, 10,
11, 14,15, and 21) who were started on HAART and fol-
lowed longitudinally. Before the initiation of HAART,
the median age of the 6 children in this group was 7.7
years, the median CD4" cell count was 732 cells/mm?3,
and the median viral load was 10,020 copies/mL. Three
additional children (patients 2, 8, and 12), who at entry
had been receiving HAART for 4, 16, and 8 months,
respectively, and who had sustained suppression of
viral replication to undetectable levels, were also fol-
lowed longitudinally for 17-21 months.

Recovery of replication-competent HIV-1 from the resting
CD4* lymphocytes of infected children. To establish the
presence of a latent reservoir for HIV-1 in children with
perinatally acquired HIV-1 infection, virus culture
assays were carried out on highly purified populations
of resting CD4* lymphocytes (more than 98% pure; see
Table 1 and Figure 1). In 18 of the 21 children, suffi-
cient numbers of resting CD4* lymphocytes (> 2.5 %
10°) were obtained for culture. Replication-competent
HIV-1 was recovered from the resting CD4* T lympho-
cytes of all 18 children. Because HIV-1 does not repli-
cate in resting CD4"* T cells, any virus recovered by acti-
vation of the resting cells can be considered to have
come from a latent reservoir in resting CD4* T cells.
These results therefore establish the existence of this
cellular reservoir in children.

The frequency of latently infected resting CD4* T lymphocytes
and its correlation with plasma HIV-1 RNA levels and percent-
age of CD4* lymphocytes. In children not yet on HAART, the
frequencies of resting CD4* T lymphocytes harboring
latent, replication-competent HIV-1 ranged over 4 logs
(0.3-2503 per 106 resting CD4" cells; geometric mean fre-
quency = 10/106 cells). The frequencies correlated direct-
ly with levels of plasma HIV-1 RNA (r = 0.86, P < 0.0001;
Figure 2) and inversely with the percentage of CD4* lym-
phocytes (r=-0.60, P < 0.005). The culture assay used to
detect latent HIV-1 can detect cells in the preintegration
state of latency and cells in the more stable postintegra-
tion state of latency. Previous studies in adults suggest
that in patients who are viremic, most of the virus pres-
ent in resting CD4" T cells is in the preintegration state
of latency (23, 33). The direct correlation between plasma
HIV-1 RNA levels and the frequency of latently infected
resting CD4" cells shown in Figure 2 suggests that when
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Table 1
Patient characteristics at entry

Patient number  Age CD4 count Clinical stage”® Plasma HIV Antiretroviral Purity Virus Cells with replication
(years) in cells/pL RNA (copies/mL) therapy® (%) isolation competent HIV-1
(%) (per 10 resting CD4*
T cells)
1 0.25 2682 (26) Aq 750,000 None 99.7 + 363
2 1.3 1716 (30) C <400 AZT, 3TC, RTV 99.6 + 1.4
3 2.8 1753 (41) Az 20,332 AZT, 3TC 99.9 + 1.6
4 4.3 209 (8) Cs 614,000 D4T, RTV 99 + 2503
5 4.5 1227 (24) G 34,856 AZT 99.8 + 143
6 4.5 1035 (23) N; 89,781 AZT 99.5 + 1223
7 6.4 1936 (41) Aq 538 AZT, DDI 98.2 + 1.6
8 6.7 1116 (26) Bs <400 AZT, 3TC, RTV 99 + 0.5
9 7.3 1094 (27) Aq 531 AZT, 3TC 99.4 + 0.3
10 7.5 859 (36) N; 12,017 AZT, DDI 98.2 + 8
11 7.6 448 (24) N1 8,024 AZT, DDI 98.7 + 40.5
12 7.6 734 (30) B> <400 D4T, RTV 99.7 + 1.6
13 7.8 692 (24) Ny 3365 AZT, 3TC 99.2 <1.6
14 7.8 1657(49) N1 2874 AZT,DDI 99.4 + 1.1
15 8.3 605 (16) Al 214,000 D4T,DDI,DLV 99 + 1121.3
16 10 485 (16) A 37,846 D4T,3TC,RTV  99.4 + 8.1
17 10.2 1094 (16) Aq 1102 AZT, 3TC 99.4 <0.4
18 10.5 865 (32) Aq 3372 AZT, 3TC 99.6 + 81.7
19 11.3 705 (38) N; 27,432 None 99 + 27
20 1.3 428 (28) Az <400 DA4T, 3TC, RTV 99 - <11
21 13.8 229 (28) Az 52,444 AZT 99 + 420

AClinical stage by Centers for Disease Control prevention classification (32). BAZT, zidovudine; 3TC, lamivudine; DDI, didanosine; D4T, stavudine; DLV, delavirdine.

998

the viral load drops to the limit of detection of the most
sensitive assays (20 copies/mL), then the frequency of
latently infected cells should be 0.03 IUPM or lower.
However, as shown below, the frequency of latently infect-
ed cells remains above 0.1 IUPM even in children who
have had long-term suppression of viral replication on
HAART. This is due to the contribution of cells with the
stable integrated form of HIV-1 DNA.

Effect of HAART on the frequencies of latently infected resting
CD4* lymphocytes. Longitudinal analysis of the effects of
HAART on the size and turnover of the pool of latently
infected resting CD4* lymphocytes was carried out in 6
children (patients 7, 10, 11, 14, 15, and 21) who were test-
ed before and after the initiation of HAART. A striking
2-phase decline in the frequency of latently infected rest-
ing CD4* lymphocytes was observed (Figure 3a). Within
1 to 3 months of initiation of HAART, the frequency of
latently infected resting CD4* lymphocytes decreased by
1log or more. The rapid initial decline in the proportion
of resting cells with latent HIV-1 likely is due to the decay
of the labile preintegration form of HIV-1 in recently
infected, resting CD4* T lymphocytes (23, 33;J. Blank-
son and R F. Siliciano, unpublished data). Four of the 6
children (patients 7, 10, 11, 12, and 14) maintained sup-
pression of viral replication (< 400 copies/mL) for 1 year
or more on HAART. All 4 children had decreases in the
CDS8 percentages (range 6-12% decrease). In these 4 chil-
dren, within 1 to 8 months of therapy with HAART it
became difficult to culture HIV-1 at 1 or more time
points using the standard input of 2.5 million purified

resting CD4* T cells. This result reflects that fact that the
frequency of resting CD4* T cells with a stable form of
latent infection is low and close to the limits of detection
of the assay. To establish that HIV-1 persisted in this
compartment in the children who maintained suppres-
sion of viral replication, it was important to obtain high-
er input numbers of resting CD4* T lymphocytes for cul-
ture analysis. Because of the limitation in the amount of
blood that could be obtained from the children, increas-
ing the input numbers of resting CD4* T lymphocytes
required the use of cells purified by magnetic bead deple-
tion alone (90% pure). Replication-competent HIV-1 was
recovered in all 4 children after 9-11 months of HAART
using the higher input numbers of resting cells. It is
unlikely that the virus detected was present in the low
number of contaminating activated T cells because the
frequency of infected activated CD4* T cells is also
extremely low (12, 23). In repeat analysis, after 12-15
months of HAART, replication-competent HIV-1 could
be readily recovered from highly purified (> 98%) resting
CD4* T lymphocytes in each of the 4 children, providing
definitive confirmation that replication-competent HIV-
1 persisted in resting CD4* T cells in these patients
despite 12-15 months of HAART.

HIV-1 persistence despite HAART and increases in CD4* T
lymphocytes in HIV-1—infected children. Recent studies have
shown that HIV-1 persists in the resting CD4" T lym-
phocytes of infected adults treated with prolonged cours-
es (up to 40 months) of suppressive antiretroviral thera-
py (12-14, 34). To determine whether HIV-1 also persists
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in areplication-competent form in children treated with
HAART for more than 1 year, we measured, at 2 or more
time points, the frequency of resting CD4* lymphocytes
harboring replication-competent virus in 3 children
(patients 2, 8, and 12) who had suppression of viral repli-
cation to undetectable levels for 16-37 months (Figure
3b). Patient 2 started zidovudine, lamivudine, and riton-
avir at 11 months of age after having received 6 weeks of
zidovudine therapy for postnatal prophylaxis. On com-
bination therapy, she has had continued suppression of
viral replication to less than 400 copies/mL, and on 3 sep-
arate occasions when ultrasensitive assays were per-
formed, plasma HIV-1 RNA levels were undetectable (<
20 copies/mL). At 15 months of age, the frequency of cells
carrying replication-competent HIV-1 was 1.6 per million
resting CD4* T lymphocytes. At repeat evaluation, after
21 months of HAART, the frequency of latently infected
resting CD4* T lymphocytes was 5.3 per million resting
CD4* T cells. Thus, there was no decay in this reservoir
despite prolonged suppression of viral replication. The
percent of CD8" cells in this patient has remained about
25% despite prolonged suppression of viral replication.

The other two children (patient 8 and patient 12) had
marked increases (10-fold) in their CD4* T lymphocyte
counts while on protease-inhibitor therapy. Patient 8 was
started on combination therapy with ritonavir 19
months before the first analysis. At the time therapy was
initiated, his CD4" cell count was 9 cells/mm? and his
plasma HIV-1 RNA was 207,554 copies/mL. Since the ini-
tiation of HAART, the patient has maintained unde-
tectable levels of plasma HIV-1 RNA (less than 400
copies/mL) and has had levels of less than 20 copies/mL
reported whenever ultrasensitive assays were done. He
also experienced a dramatic increase in his CD4 cell count
to 1,200 cells/mm3. Replication-competent virus was iso-
lated from his resting CD4* lymphocytes at 2 separate
time points at 19 and 21 months of HAART despite
increases in CD4 cells to normal levels in the presence of
undetectable plasma HIV-1 RNA. However, in repeat
studies at 31 and 35 months of HAART, culture of 5§ mil-
lion highly purified resting CD4* T lymphocytes failed to
yield HIV-1 replication-competent HIV-1. Subsequent
analysis at 37 months using 14 million resting CD4* T
lymphocytes of 90% purity obtained by magnetic bead
depletion alone yielded replication-competent HIV-1 ata
frequency of 0.1 per million resting CD4" T cells. These
results demonstrate persistence of latent HIV-1 near the
limit of detection, with possible slow decay. Whether the
observed decrease actually represents a slow decay in the
frequency of latently infected CD4* lymphocytes will
require further study over the course of the next several
years. Patient 12 was started on HAART 8 months before
entry into the study, at which time her CD4* cell count
was 79 cells/mm?3 and her plasma HIV-1 RNA level was
214,760 copies/mL. While on HAART, the patient had an
increase in her CD4 cell count to 734 cells/mm?, and her
plasma HIV-1 RNA level remained undetectable. The per-
cent of CD8" T cells has remained constant. Virus was
recovered from her resting CD4* lymphocytes 8 months

after the initiation of HAART at a frequency of 1.6 per
million resting cells and again at 28 months after HAART
at approximately the same frequency. Taken together,
these results suggest that HIV-1 persists in the resting
CD4* lymphocytes of children treated with prolonged
suppressive therapy with HAART and despite increases
in CD4" T cells to normal levels.

Analysis of drug-resistance mutations in viral isolates from
latent reservoir. The mechanisms involved in maintaining
latent, replication-competent HIV-1 in resting CD4* T
lymphocytes at a stable frequency in treated adults are
unclear. Possibilities include the persistence of cells in an
inactive state for long periods of time or gradual renewal
of the latent pool by low levels of ongoing viral replica-
tion (35-38). In the former case, the composition of the
latent reservoir should not change on therapy and should
reflect the virologic status before HAART. If the reservoir
is maintained by ongoing viral replication, then the pos-
sible emergence of drug-resistant virus is a serious con-
cern. We therefore analyzed viruses isolated from latent-
ly infected cells for the persistence or emergence of
known drug-resistant mutations in the HIV-1 pol gene.
Isolates from the 7 children who had suppression of viral
replication for 1 year or more were sequenced. Figure 4
summarizes the relevant amino acid substitutions detect-
ed in the RT and protease region of the HIV-1 pol gene.
None of the 7 children developed primary antiretroviral
resistance substitutions at the amino acid positions 30,
54,82, 88, or 90 that are reported to confer phenotypic
resistance to the protease inhibitors used (nelfinavir or
ritonavir). However, all 7 children had individual patient-
specific sequence patterns at positions in the pol gene
associated with natural polymorphisms recognized pre-
viously, including the L63P substitution that is a com-
mon polymorphism in protease inhibitor-naive individ-
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Figure 2

Correlation between the frequency of latently infected resting CD4 T
cells (IUPM) and the plasma HIV-1 RNA (copies/mL). Closed sym-
bols represent children who had detectable levels of plasma HIV-1
RNA at study entry. Open symbols represent children who had unde-
tectable (< 400 copies/mL) levels of plasma HIV-1 RNA at the time
of study entry. Values are arbitrarily plotted at the upper bound of

the plasma virus assay at 400 copies/mL.
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Figu

Decay in the frequency of latently infected resting CD4* T lymphocytes (in [IUPM) versus time on HAART in months. (a) Decay of latently
infected T cells in 6 children followed longitudinally before and after the initiation of HAART. (b) Decay of latently infected T cells in 3 chil-
dren studied after the initiation of HAART. Closed symbols represent the time points at which replication-competent HIV-1 was recovered
from the resting CD4* T lymphocytes. Open symbols represent time points at which viral cultures on resting CD4* T lymphocytes were neg-
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uals and that is also an accessory substitution in some
protease inhibitor-resistant viruses. One child (patient
2), whose primary antiretroviral regimen consisted of
combination therapy with zidovudine, lamivudine, and
ritonavir and who has had suppression of viral replica-
tion to less than 20 copies/mL, had no mutations associ-
ated with genotypic resistance to zidovudine or lamivu-
dine. In contrast, 5 of the 6 children who were treated
previously with incompletely suppressive regimens of
zidovudine and didanosine and who had suppression of
viral replication for 12-30 months on HAART had per-
sistence of replication-competent HIV-1 harboring muta-
tions conferring resistance to zidovudine and didanosine.
These included mutations at positions 41, 67, 70, 210,
215, or 219 in the RT gene that confers high-level resist-
ance to zidovudine and/or mutations at positions 74 or
184 that confer resistance to didanosine. In 2 children
(patients 11 and 14) the M184I mutation was detected
after 10 and 15 months of HAART, respectively. Because
the M 1841 mutation is associated with drug resistance to
both didanosine and lamivudine and both children
received previous nonsuppressive therapy with didano-
sine, then were subsequently treated with a suppressive
regimen that contained lamivudine, it is not possible to
determine to which drug this mutation should be attrib-
uted. Interestingly, patient 12, who was treated previous-
ly with zidovudine and didanosine and subsequently
received suppressive therapy with stavudine and ritonavir
for 30 months, has had intermittent levels of plasma HIV-
1 RNA between 30 to 50 copies over a 2-year period. In
this child, none of the 4 HIV-1 isolates cultured after 30
months of suppressive therapy with ritonavir and stavu-

dine had genotypic substitutions in the protease gene
that confer resistance to ritonavir. However 2 of the 4 iso-
lates contained amino acid insertions at position 69 [69
Ser- (Ser-Val)] reported to occur with treatment with
zidovudine in combination with didanosine or zal-
citabine and associated with high-level resistance to the
nucleoside RT inhibitors (29, 39-41). The preservation of
drug-resistance mutations selected by previous nonsup-
pressive therapy emphasizes the stability of the latent
reservoir for HIV-1 in resting CD4* T cells.

A particularly dramatic illustration of the stability of
the latent reservoir is provided by the case of the child
who has had the longest duration (37 months) of sup-
pression of viral replication with HAART (patient 8).
This child was treated with nonsuppressive antiretrovi-
ral regimens consisting of zidovudine, lamivudine,
didanosine, and zalcitabine for 3.5 years before initia-
tion of a suppressive HAART regimen consisting of
zidovudine, lamivudine, and ritonavir. Failure of the
earlier regimens was documented by the presence of
high-level viremia at the time of initiation of HAART
(207,554 copies/mL). Virus isolated from the latent
reservoir at 19 and 21 months showed multiple muta-
tions conferring resistance to zidovudine. However,
wild-type virus was recovered from his resting CD4* T
cells after 37 months of HAART. Thus, in this patient
who had clearly developed zidovudine-resistant virus
and who is still on zidovudine, both zidovudine-sensi-
tive virus and zidovudine-resistant virus can be found
in the latent reservoir. The zidovudine-sensitive viruses
may have entered the reservoir 6 years earlier, before the
initiation of zidovudine therapy, whereas the zidovu-
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dine-resistant virus may have entered the reservoir 3-6
years earlier during the period of nonsuppressive thera-
py. Thus, this study demonstrates that both wild-type
virus and drug-resistance virus selected by previous non-
suppressive therapy persist for long periods of time in
latently infected resting CD4* T cells of children on
HAART whereas new drug-resistance mutations clearly
attributable to the suppressive regimens do not appear.

Discussion

The purpose of this study was to demonstrate the exis-
tence and determine the size and turnover rate of the
latent reservoir of resting CD4* T lymphocytes in HIV-
1-infected children. Before initiation of HAART, repli-
cation-competent HIV-1 was readily recovered from
highly purified populations of resting CD4* T lym-
phocytes of all children from whom sufficient cells
were obtained for analysis. Thus, the reservoir of latent-
ly infected resting CD4* T cells is present in HIV-
1-infected children. This reservoir has a biphasic decay
pattern after the initiation of HAART, with a rapid ini-
tial drop in the first 3 months of therapy followed by a
second phase in which there is minimal decay. It is
important to point out that the method currently used
to detect the replication-competent forms of HIV-1 per-
sisting in resting CD4* T lymphocytes does not differ-
entiate between the labile, cytoplasmic form and the
stable, integrated form of persistent HIV-1 infection.
The direct correlation observed between the frequency
of resting CD4* T lymphocytes harboring replication-
competent HIV-1 and plasma HIV-1 RNA levels in chil-
dren with plasma HIV-1 RNA more than 400
copies/mL suggests that many of the infected resting
CD4* T lymphocytes detected may be recently infected
cells with the labile, unintegrated form of HIV-1.
Because in vitro T-cell activation methods are used to
recover the replication-competent forms of HIV-1 pres-
ent in the resting CD4* lymphocytes, it is uncertain
what proportion of the resting cells harboring this
form of HIV-1 would progress to productive HIV-1
infection in vivo. Nevertheless, this pool of latently
infected resting CD4* lymphocytes constitutes an
inducible reservoir for productive HIV-1 infection in
the setting of a developing T-cell repertoire and for the
generation of the more stable postintegration form for
HIV-1 existing in the resting memory CD4" lymphocyte
compartment. The rapid initial decay observed in the
frequency of latent HIV-1 in resting CD4* T lympho-
cytes early in the course of HAART that parallels the
decay in plasma HIV-1 RNA probably reflects the decay
of the preintegration form of HIV-1 latency in recently
infected resting CD4* T cells. In children with levels of
HIV-1 RNA greater than 400 copies/mL, this form may
be the predominant form of HIV-1 latency.

Previous studies in adults have demonstrated the pres-
ence of integrated HIV-1 DNA in resting CD4* T lym-
phocytes (3, 23, 34). In the children who had successful
suppression of viral replication to less than 400
copies/mL on HAART, the predominant form of HIV-1

latency in resting CD4" is most likely this stable integrat-
ed form present in resting memory CD4* T lymphocytes.
Extrapolation of the observed relationship between viral
load and the frequency of latently infected resting CD4*
T cells in children with plasma HIV-1 RNA greater than
400 copies/mL (Figure 2) suggests that at plasma HIV-1
RNA levels of less than 20 copies/mL, the contribution of
the labile unintegrated form of HIV-1 latency should be
no more than 0.1 IUPM resting CD4* lymphocytes. The
fact that in most children on HAART who have unde-
tectable plasma virus the frequency of latently infected
cells is in the range of 0.1-5 IUPM suggests that a stable
form of latent infection is persisting. This is confirmed
by our longitudinal studies, which demonstrate very lit-
tle decay in this stable latent reservoir after the first 3
months of therapy, during which time the preintegration
form of latency is undergoing decay.

In comparing the latent reservoir for HIV-1 in chil-
dren and adults, the following conclusions can be
drawn. First, the fraction of latently infected cells is sim-
ilar. The mean frequency of latently infected resting
CD4+ T lymphocytes in children treated with HAART
was similar to that measured in treated adults (mean 0.4
vs. 0.8 per million resting CD4+ lymphocytes, respec-
tively). Thus although children are establishing a pool
of memory cells, the fraction of these cells that carry
replication-competent HIV-1 does not appear to be sig-
nificantly higher than in adults. Second, the frequency
of resting CD4* T cells harboring latent HIV-1 shows a
biphasic decline following the initiation of therapy in
both children (as shown here) and in adults (J. Blankson
and RF. Siliciano, unpublished results). After the rapid
initial decay in the first 3 months of treatment, little
subsequent decay is detected. Thus, as observed in
adultes, HIV-1 persists in a latent form in resting CD4* T
cells in children despite 1-3 years of HAART. The pre-
cise mechanisms involved in the generation of this
latent reservoir are unknown; the occasional reversion
of HIV-1-infected, activated T lymphocytes to a resting
memory state with integrated HIV-1 is one plausible
mechanism. Although the number of children who have
had long-term suppression of HIV-1 replication on
HAART is too low to permit a precise calculation of the
decay rate of this latent pool, the data presented here
strongly suggest that the extremely slow decay observed
in adults (1, = 44 months, ref. 34) will also apply to chil-
dren with perinatally acquired HIV-1 infection.

The persistence of HIV-1 within the resting CD4* lym-
phocyte compartment despite prolonged treatment
with HAART and despite significant increases in CD4*
cells is consistent with the function of memory T lym-
phocytes to provide immunologic memory for pro-
longed periods. Analysis of the viral isolates cultured
from this compartment in a group of children who were
pretreated with nonsuppressive antiretroviral regimens
showed the persistence, for up to 2 years, of drug-resist-
ant substitutions selected by previous nonsuppressive
antiretroviral therapies. The persistence of multiply
drug-resistant, latent, replication-competent HIV-1 in
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resting CD4* lymphocytes for up to 2 years of HAART
suggests that the reuse of drugs used in previous non-
suppressive regimens may not be possible. However, we
did not detect new substitutions clearly attributable to
drugs in the HAART regimen. No new resistance sub-
stitutions to the protease inhibitors were observed even
in isolates from the 2 children who had increases in
plasma HIV-1 RNA to 230 and 438 copies/mL at the
time the culture assay was performed and in the 1 child
who had plasma HIV-1 RNA in the range of 30 to 50
copies/mL at several time points. Additional longitudi-
nal studies are needed to determine the kinetics and
evolution of latent HIV-1 in this cellular reservoir in
children treated for longer periods and to determine the
timing and impact of early treatment with HAART on
the development of this cellular reservoir in children
with perinatally acquired HIV-1 infection. However, the
data presented here indicate that the latent reservoir for
HIV-1 is established in infected children and will likely
represent a major barrier to virus eradication that will
have to be considered in all therapeutic strategies for the
treatment of pediatric HIV-1 infection.
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