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De novo T-cdll generation in patients at different ages and stages of HIV-1 disease
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for the Swiss HIV Cohort Study

We assessed de novo T-cell generation
by determining T-cell receptor-rearrange-
ment excision circles (TRECs) based on
patient age and on stage of HIV-1 infec-
tion. TRECs were measured in purified
CD4 and CD8 T cells of a large cohort of
HIV-1-infected subjects (n = 297) with
chronic infection but no previous antiret-
roviral treatment and of a control group of
HIV-negative subjects (n = 120). HIV-1-
infected subjects were stratified on the
basis of CD4 T-cell counts in 3 groups,
early-stage disease (more than 500 CD4 T

cells), intermediate-stage disease (200-
500 CD4 T cells), and late-stage disease
(fewer than 200 CD4 T cells). Compared
with the control group, CD8 TREC con-
tents were severely reduced (P < .001) in
HIV-1-infected subjects regardless of the
stage of HIV disease. In contrast, CD4
TREC contents were significantly in-
creased (P = .003) in HIV-1-infected sub-
jects during early-stage disease, similar
at intermediate-stage disease, and se-
verely reduced only at late-stage disease.
We show that the increase in CD4 TRECs

was mostly limited to younger (younger
than 45 years) patients at early-stage dis-
ease. Our results demonstrate a di-
chotomy between TREC contents in CD4
and CD8 T-cell populations in HIV-1 infec-
tion and indicate that thymus function in
younger subjects is preserved at early
and intermediate stages of HIV infection.
(Blood. 2004;104:470-477)
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Introduction

Major advances have recently been made in the study of thymopoi-
esis and generation of naive peripheral T cells by the evaluation of
recent thymic emigrants (RTEs) through the development of an
assay that quantifies T-cell receptor excision circles (TRECs).!
Most previous studies measured TRECs produced during the
rearrangement of the a-chain of the T-cell receptor (TCR), the
so-called Va signal joint (Sj) TRECs. These DNA circles are not
replicated during cell mitosis and are, therefore, diluted by cell
division. Because TREC fregquencies can be influenced by a series
of factors, including the extent of cell proliferation and the
longevity of naive T cells, interpreting TREC data to evaluate
thymic function must be done with great care.?

TREC contents have been extensively measured in HIV-1
infection. In 1998, Douek et al® provided evidence for the
existence of a functional thymus in adults and suggested
reduced thymic output in HIV-1 infection. TREC contents were
measured in CD4 and CD8 T-cell populations of a small number
of subjects in this original study. Reduced TREC contents in
subjects with HIV-1 infection was confirmed in 2 additional
studies*> performed either on total blood mononuclear cells of
subjects with chronic infection (n = 127) or on purified CD4
and CD8 T-cell populations of subjects with recent infection
(12-18 months after acute infection; n = 22). However, rela-

tively normal TREC contents were found in a study® performed
on total blood mononuclear cells of 74 subjects with established
chronic infection. Hazenberg at al” propose that the decline in
TREC contents in HIV-1 infection results from increased cell
division, not from thymus dysfunction. The latter study was
performed in purified naive CD4 and CD8 T-cell populations
from 33 subjects with advanced chronic infection.

Numerous studies suggest arel ationship between the restoration
of CD4 T-cell numbers after antiretrovira therapy (ART) and the
production of thymic T cells.3816 Similarly, normal TREC contents
have been observed after successful ART.Y” However, because
introducing only a few TREC-holding cells in a virtually empty
CDA4 T-cell pool may suffice to increase the average TREC content,
it is debatable whether rapid normalization of CD4 TREC contents
truly reflects increased thymic output.218

Because of the limited number of subjects analyzed in the above
studies and, in particular, the small humber of subjects studied for
TREC contentsin purified CD4 and CD8 T-cell populations, it has
not been possible to address theimpact of different stages of HIV-1
infection on TREC contents. In the present study, we hypothesized
that thymic output may be affected differently, depending on
patient age and on stage of HIV-1 infection. To test this hypothesis,
TREC contents were measured in purified CD4 and CD8 T-cell
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populations isolated from 297 HIV-1-infected subjects with estab-
lished chronic infection and with no history of ART and in 120
HIV-negative subjects.

Patients, materials, and methods

Study subjects and samples

Blood samples of HIV-negative subjects (n = 120) between 20 and 59
years of age (mean = SE, 37.9 * 0.99) were randomly collected from the
Service Régional Vaudois de Transfusion Sanguine of Lausanne.

Cryopreserved peripheral blood mononuclear cell (PBMC) samples from
HIV-1-infected subjects between 20 and 60 years of age (37.01 * 0.58 years)
with established HIV-1 infection (more than 4 years) were provided by the Swiss
HIV Cohort (n= 297). Samples had been collected before the initiation of
antiretrovira thergpy. The CD4 T-cell count for the total cohort of patients with
chronic established infection was 456 + 15.3 cdlg/pL, and the viral load was
82907 = 11 175 copieymL plasma Vird loads for HIV-1-infected subjects
were 35 938 =+ 8677 copiedmL for patients with CD4 T-cdll counts greater than
500; 97 807 = 21 801 copies/mL for patients with CD4 T-cdll counts between
500 and 200 copiesmL; and 149221 + 27 529 for patients with CD4 T-cell
counts less than 200 copies/mL. Biologic specimens from HIV-1-infected
and HIV-negative subjects were collected under study protocols approved
by the Institutional Review Board of the Centre Hospitalier Universitaire
Vaudois, and all subjects gave informed consent in accordance with the
Declaration of Helsinki.

Isolation of CD4 and CD8 T cells

PBMCs were isolated from ethylenediaminetetraacetic acid (EDTA) whole
blood by Ficoll-Pague Plus density gradient centrifugation (Amersham
Pharmacia Biotech, Duebendorf, Switzerland), washed twice in phosphate-
buffered saline (PBS) containing 2% fetal bovine serum (FBS), and directly
used for CD4 and CD8 T-cell isolation and flow cytometry. CD4 and CD8 T
cells were isolated from total PBMCs of HIV-1-positive and —negative
subjects using Dynal (Compiegne, France) CD4" and CD8* isolation kits.
Cellswereisolated using an optimized protocol. Briefly, total PBMCs were
resuspended in PBS containing 2% FBS at a concentration of 5 X 106
cellmL. CD4 or CD8 isolation beads previously washed twice in PBS
containing 2% FBS were added at aratio of 4 to 10 beads per positive cell
and were incubated at 4°C for 30 minutes under constant rotation. After
incubation, beads were washed 5 times in PBS containing 2% FBS on the
Dynal magnet, resuspended in 100 pL RPMI 1640 containing 1% FBS
supplemented with 10 pL Detachbeads (Dynal), and incubated for 45
minutes at room temperature with constant shaking. Isolated cells were
rescued in the supernatant using the Dynal magnet. Purity of the isolated
CD4 and CD8 cellswas always greater than 90%. After counting, pellets of
0.25 X 106 cells were prepared to measure TREC contents.

Measuring TRECs

TRECs were determined using real-time polymerase chain reaction (PCR)
inan ABI Prism 7700 thermocycler (Applied Biosystems, Cheshire, United
Kingdom). DNA was extracted from CD4 or CD8 purified T cells by
incubation with 100 pwg/mL proteinase K (Roche Diagnostics, Mannheim,
Germany) for 1 hour at 56°C and then for 15 minutes at 95°C. Real-time
PCR was performed in a volume of 25 pL containing 3.5 mM MgCl,, 200
wM dNTPs, 0.5 pM forward (CACATCCCTTTCAACCATGCT) and
reverse (GCCAGCTGCAGGGTTTAGG) primers, fluorescence-labeled
specific probe (0.2 M) (ACACCTCTGGTTTTTGTAAAGGTGCCCACT)
(Megabases, Evanston, IL), 0.625 U platinum Tag DNA polymerase
(Invitrogen, Basel, Switzerland), and 5 p.L cell lysate (equivalent to 50 000
cells). Amplification conditions were 1 cycle at 95°C for 5 minutes,
followed by 40 cycles of amplification (95°C for 30 seconds, 60°C for 1
minute). A standard curve was made with serial dilutions of a plasmid that
included a 375-bp fragment of the TRECs sequence.
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Flow cytometry

The purity of CD4 and CD8 cell populations was tested by surface staining
with the TriTEST anti-CD4 (fluorescein isothiocyanate [FITC]), anti-CD8
(phycoerythrin [PE]), and anti-CD3 (peridin chlorophyll protein [PerCP])
(Becton Dickinson, Franklin Lakes, NJ). Cells were incubated for 30
minutes with antibodies, washed, and fixed in CellFix (Becton Dickinson).
For Ki67 intracellular analysis, cells were subjected to surface staining with
anti-CD4 (PE), anti-CD45RA (CyChr), and anti-CD8 (allophycocyanin)
(Becton Dickinson) for 30 minutes at 4°C, fixed with 1% formal dehyde, 2%
glucose, and 5 WM Na-Azide in PBS, and incubated for 15 minutes in the
dark. After washing, fixed cells were permeabilized with 0.1% Saponin and
were incubated with anti-Ki67 (FITC) (DAKO, Glostrup, Denmark) for 15
minutes in the dark. All samples were analyzed using FACScalibur cell
analyzer and CellQuest Software (Becton Dickinson).

Statistical analysis

All statistical tests were interpreted at the 5% significance level
(P < .05). Linear regression analysis was performed to determine the
degree of dependence of different variables on patient age (Figure 1).
For comparisons between healthy and HIV-1-infected subjects, the
Levene test was used to assess homogeneity of the variances, and an
independent-samples Student t test was used when variances were
homogeneous. The Welch test was used when variances were not
homogeneous (Figures 2, 3A, and 4A; Table 1). Analysis of variance
(ANOVA) was performed to compare variables among the 3 groups of
HIV-1-infected subjects stratified by CD4 T-cell counts. Pearson
correlation test was used to determine the correlation between variables.
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Figure 1. Correlation between TREC contents within CD4 and CD8 T-cell
populations and age. Analysis was performed in 297 HIV-1-infected and 120
HIV-negative subjects ranging in age from 20 to 60 years. Continuous (HIV-negative)
and dashed (HIV-1-infected) lines indicate best-fit linear regression curves, whereas
r gives the Pearson correlation coefficient. TREC contents within purified CD4 (A) and
CD8 (B) T-cell populations were determined as described in the “Patients, materials,
and methods.”
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Figure 2. Comparative analysis of TREC contents
within purified CD4 and CD8 T-cell populations of
HIV-1-infected subjects at different stages of HIV-1
disease and HIV-negative subjects. Early-stage dis-
ease (more than 500 CD4 T cells), intermediate-stage
disease (200-500 CD4 T cells), and late-stage disease
(less than 200 CD4 T cells). Asterisks indicate statistical
significance (P < .05) between TREC contents within
CD4 (A) and CD8 (B) T-cell populations in HIV-1-infected
subjects (£J) and HIV-negative subjects ((J). Data are
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To exclude that observed correlations between variables depended on
age, the partial correlation test controlling for age was performed
(Figures 3B and 4B). Multivariate regression analysis was used to study
the effect and capacity of prediction of age, CD4 T-cell count, and viral
load on TREC contents (Table 3).

Results
Study groups

HIV-1-infected subjects with chronic established infection and no
previous history of ART and who had been enrolled in the Swiss
HIV Cohort Study (SHCS) were randomly selected on the basis of
CD4 T-cell counts. HIV-1-infected subjects in the present study
had a mean time of documented diagnosis of approximately 4 years
and had been infected for at least 1 year. Based on CD4 T-cell
counts, the subjects were divided into 3 groups: CD4 T-cell counts
greater than 500/pL (early-stage disease); CD4 T-cell counts
200-500/pL (intermediate-stage disease), and CD4 T-cell counts
lower than 200/pL (late-stage disease). The number of subjects
studied included 117 subjects with early-stage disease, 123 with
intermediate-stage disease, and 57 with |late-stage disease. Overall,
the 3 groups were well matched by sex (176 men, 121 women) and
age (mean ages. 37.65 years for early stage, 36.91 years for
intermediate stage, and 35.93 years for late stage). The dight
differences in age among the different groups were not statistically
significant (P > .05). Most age groups (20-29, 30-39, and 40-49
years) contained a similar number of subjects (approximately
70-75), but the number was lower (n = 33) in the 50- to 59-year-
old group. As a control group, 120 randomly selected, healthy,
HIV-negative blood donors were recruited. The control group was
matched by sex (60 males and 60 females) and by age (37.9 = 0.99
years) compared with the HIV-1-infected subjects (37.01 =+ 0.58;
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Figure 3. Naive CD4 T cells and TREC contents. (A) Comparative analysis
between the percentage of CD45RA*CDA4* T cells in HIV-negative subjects (CJ) and
in 42 randomly selected HIV-1-infected subjects () at early and intermediate stages
of disease. (B) Correlation between the percentage of CD45RATCD4* T cells and
TREC contents within the CD4 T-cell population in HIV-1-infected subjects. Data are
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P > .05). Furthermore, approximately 30 subjects were contained
in each of the 3 age groups between 20 and 49 years, whereas the
number of subjects was lower (approximately 15) in the 50- to
59-year-old group.

Comparative analysis of TREC contents in HIV-1-infected
subjects at different stages of disease and in healthy
HIV-negative subjects

Frozen blood mononuclear cell samples of the 297 HIV-1-infected
subjects were obtained from the different |aboratory repositories of
the SHCS, and mononuclear cell samples of 120 HIV-negative
subjects were prospectively collected from the Service Régional
Vaudois de Transfusion Sanguine. CD4 and CD8 T-cell populations
of HIV-1-infected and HIV-negative subjects were isolated from
total mononuclear cells using CD4 and CD8 magnetic beads, as
described in “Patients, materials, and methods.” Previous studies
have shown a negative correlation between age and TREC
contents. The relationship between age and TREC contents of CD4
and CD8T cellsisolated from the 297 HIV-1-infected subjects and
120 healthy HIV-negative subjects is shown in Figure 1. Results
confirmed a significant negative correlation (Figure 1).
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Figure 4. Impact of Ki67 expression on CD4 and CD8 TREC contents.
(A) Comparative analysis between the percentage of Ki67* CD4 and CD8 T cells in
HIV-negative subjects ((J) and in 42 randomly selected HIV-1-infected subjects (1) at
early and intermediate stages of disease. (B) Correlation between the percentage of Ki67+
CD4 (O) and CD8 (@) T cells and TREC contents within the 2 T-cell populations. Asterisks
indicate statistical significance (P < .05). Data are expressed as mean = SE.
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Table 1. Influence of age on CD4 T-cell TREC contents in HIV-1-infected subjects at different stages of disease

HIV-negative

HIV-1-infected

T-cell count and age, y* N

TREC contents, mean = SE P N

TREC contents, mean = SE

More than 500 CD4 T cells

20-39 54 13 206 * 1245
40-44 14 5174 + 945
45-49 18 7293 = 1319
50-54 9 5532 + 1223
55-59 7 6921 *+ 1608
200 to 500 CD4 T cells
20-39 54 13 206 * 1245
40-44 14 5174 = 945
45-49 18 7293 = 1319
50-54 9 5532 + 1223
55-59 7 6921 *+ 1608
Fewer than 200 CD4 T cells
20-39 54 13 206 * 1245
20-29 31 14 696 = 1573
30-39 23 11 199 =+ 1977

.016t 56 19 418 + 2203
.015t 11 16 119 * 3698
.305 18 10 063 = 2295
.865 7 5133 + 1899
.029t 7 2252 + 811

.863 65 13 554 + 1506
.102 17 9089 + 2088
.682 5) 8616 + 3879
774 12 6235 + 1871
.014t 3 1023 + 989

.005t 30 7406 + 1463
.060 15 9135 *+ 2583
047t 15 5676 + 1331

Values are based on TRECs per 10% CD4 T cells. P values represent t test comparisons between values in the 2 groups.
*T-cell counts given are those of HIV-1-infected individuals in that group. Subgroups are stratified by age (in years).

TStatistically significant values.

We then compared the TREC contents in the CD4 and CD8 T-cdll
populations isolated from the 3 groups of HIV-1-infected subjects
dretified by CD4 T-cdll counts with those found in the same T-cell
populations of hedthy HIV-negative subjects. TREC numbers per 10°
CD4 T cdls were 9952 = 801 in hedthy HIV-negative subjects
(n=102) (Figure 2A). They were sgnificantly higher (P = .003)—
15000 = 1484—in HIV-1-infected subjects (n = 100) with CD4 T-cell
counts grester than 500. TREC contents in CD4 T cdlls of HIV-1—
infected subjects with CD4 T-cell counts between 200 and 500
(n=102) were aso higher (11338 = 1100) than in HIV-negative
subjects, but the differences were not statidtically significant (P = .31)
(Figure 2A). In contrast, TREC contents in CD4 T cdlls of HIV-1—
infected subjects with CD4 T-cdll counts less than 200 (n = 44) were
5807 + 1075, dgnificantly lower (P =.004) than in HIV-negative
subjects (Figure 2A).

Mean TREC contents per 106 CD8 T cells were 7672 == 932 in
HIV-1-infected subjects with CD4 T-cell counts greater than 500
(n=91), 7011 = 887 with CD4 T-cell counts from 200 to 500
(n=99), and 4068 + 1373 with CD4 T-cell counts less than 200
(n = 47) (Figure 2B). Mean TREC contents found in CD8 T cells
of the 3 groups of HIV-1-infected subjects were dl significantly
lower (P < .003) than those of healthy HIV-negative subjects
(11658 = 856; n = 109) (Figure 2B). These results indicate a
dichotomy between TREC contents in CD4 and CD8 T-cell
populations in HIV-1 infection, and they illustrate the risk associ-
ated with interpreting changesin TREC contents of total PBMCs.

Factors potentially influencing TREC contents

We aimed to investigate why CD4 TREC contents in HIV-1—
infected subjects at early- and intermediate-stage disease were
increased or were not decreased compared with healthy controls.
Given that controls and subjects were age matched, these TREC
differences could not be attributed to differencesin age between the
groups. Increased CD4 TREC contents could indicate more effi-
cient thymic output in these groups of subjects compared with
healthy controls. Previous studies have shown, however, that
TREC contents also correlate with naive T cells, cell division, and
cell death.357151822 |t was, therefore, important to determine
whether theincreased TREC contentsin HIV-1-infected subjects at
early stages of disease were caused by differences in these factors.

Naive CD4 T cells

We invedtigated the fraction of naive CD4 T cdls in 21 randomly
selected subjects of the HIV-negative cohort and in 42 HIV-1-infected
subjects a early- and intermediate-stage disease. The percentage of
naive CD4 T cdls, as measured by the expression of the CD45RA
antigen, was not significantly different (P = .3) in HIV-negative and
HIV-1-infected subjects (Figure 3A). In line with previous studies, the
percentage of naive CD4 T cells correlated positively with CD4 TREC
contents in HIV-1-infected subjects (Figure 3B). Because we used
frozen mononuclear cell populations, it was not possible to use CD62L
to define naive T-cell subsets. However, previous studies have clearly
shown that CD45RA defines at least 95% of naive CD4 T cdls.
Therefore, though CD45RA is not agood marker of naive CD8 T cells,
itisavalid marker of naive CDA T cdlls 2

Cell division

Cdl divison was evauated by expressng a nuclear antigen, Ki67,
which is expressed in cycling cells?2 within the same group of 42
subjects a early- and intermediate-stage disease. It is important to
underscore that recent studies have shown thet the estimates of dividing
CD4 and CD8 T cells, measured by Ki67 or by in vivo labeling studies
with deuterated glucose, were comparable.?” Asin previous studies, the
percentages of Ki67+ in tota CD4 and CD8 T cells were sgnificantly
higher (P < .001) in HIV-1-infected subjects than in the HIV-negative
control group (Figure 4A).230 We then andyzed the relaionship
between the extent of cell divison and TREC contents. Percentages of
Ki67+ CD4 T cedls were so low that no correlation between the
percentage of Ki67+CD4" T cdls and CD4 TREC contents could be
found (Figure 4B), wheress there was a clear negdtive correlation
between the percentages of Ki67*CD8" T cedls and CD8 TREC
contents (Figure 4B). Summarizing, we could rule out the possibility
that the increased CD4 TREC contents of patients with early- and
intermediate-stage disease were caused by larger naive CD4 T-cell
fractionsor lower proliferation rates.

CD4 T-cell death

It iswell known that CD4 T-cell death ratesincrease during HIV
infection, and increased T-cell deaths increase CD4 TREC
content by shortening the life expectancy of CD4 T cells. To
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determine whether the increased CD4 TREC contents of HIV-
infected subjects at early stages of disease were merely the
result of increased CD4 T-cell death, we calculated total CD4
TREC numbers per microliter blood in all groups of subjects and
in controls. The advantage of measuring total TRECs instead of
TREC contentsis that total TREC numbers are only affected by
thymic output and T-cell death; therefore, they reflect thymic
output more directly than TREC contents, which are also
affected by T-cell proliferation. TREC totals per microliter
blood were calculated by multiplying the CD4 TREC contents
with the CD4 T-cell counts per microliter blood for all subjects.
Because exact CD4 counts in healthy controls were not avail-
able, we estimated these counts to be 1000 cells/pL. This is
likely to be an overestimate given that the average CD4 T-cell
count of HIV-negative subjects from the same blood bank, as
determined in a previous study,?® was 856 CD4 T cells/uL
blood. Even using this overestimate, we found that patients with
high CD4 T-cell counts (and increased CD4 TREC contents),
had larger total numbers of CD4 TRECs per microliter blood
(11 100) than healthy controls. If the observed increased (Figure
2) CD4 TREC contents in these patients were attributed to
HIV-induced T-cell death, we would have expected to find
decreased total CD4 TREC numbers instead, because T-cell
death can only lead to a reduction of total TRECs. Apparently,
the production of new TREC-holding T cellsin early-stage HIV
infection sufficed to compensate for the loss of TRECs by
increased T-cell death. Having ruled out all other possible
mechanisms for the increased TREC contents in early-stage
disease, we concluded that thymic output was indeed increased
in HIV-1-infected subjects compared with healthy controls.

Influence of age on CD4 T-cell TREC contents in HIV-1-infected
subjects at different stages of HIV-1 disease

To assess the influence of age on CD4 TREC contents, de novo
T-cell generation was compared between HIV-1-infected sub-
jects and HIV-negative subjects at different stages of disease,
stratified by age. We observed that CD4 TREC contents were
significantly higher (Table 1) in HIV-1-infected subjects with
CD4 T-cell counts greater than 500 who were between 20 and 44
years of age, whereas no significant increases in CD4 TREC
contents were found in subjects between 45 and 59 years of age
(Table 1). To better characterize the influence of age on CD4
TREC contents, we further stratified those aged 40 to 59 in
5-year subgroups (40-44, 45-49, 50-54, and 55-59 years). CD4

BLOOD, 15 JULY 2004 - VOLUME 104, NUMBER 2

TREC contents were significantly higher for patients between
20 and 39 years, and they were still higher in HIV-1-infected
subjects between 40 and 44 years (Table 1). No significant
differences between HIV-1-infected and HIV-negative subjects
were observed in the 45- to 49-year-old and the 50- to
54-year-old groups (Table 1). CD4 TREC contents were even
significantly lower in HIV-1-infected subjects than in HIV-
negative subjects in the 55- to 59-year-old group (Table 1). In
HIV-1-infected subjects between 20 and 54 with CD4 T-cell
counts between 200 and 500, CD4 TREC contents were not
significantly different from those of healthy controls, but they
were significantly lower in 55- to 59-year-old subjects (Table 1).
In 20- to 39-year-old HIV-1-infected subjects with CD4 T-cell
counts lower than 200, CD4 TREC contents were significantly
lower than they were in healthy controls, and further analysis
showed that they were substantially lower in subjects 20 to 29
years of age (Table 1).

These results indicate that the increase in de novo CD4 T-cell
generation is mostly limited to younger (younger than 45 years)
HIV-1-infected subjects during early-stage disease. To address the
impact of age on CD4 TREC contents in more detail, we
determined the proportion of patients with CD4 TREC contents
greater than, similar to, or lower than the mean = 3 X SE CD4
TREC contents in age-matched HIV-negative subjects (Table 2).
Subjects were divided into 2 age groups, 20 to 44 and 45 to 59.
Dividing subjectsin this way was based on the observation that the
40- to 50-year age range seemsto define acritical period in thymus
function. The highest proportion (51%) of HIV-1-infected subjects
with CD4 TREC contents higher than those in age-matched
HIV-negative subjects was found in the younger age group (20-44
years) with CD4 T-cell counts greater than 500 (Figure 5).
Approximately 20% had similar CD4 TREC contents and 28% had
lower CD4 TREC contents than HIV-negative subjects (Figure 5).
The proportion of HIV-1-infected subjects with CD4 TREC
contents lower than those of healthy controls was substantially
increased (50%) in the 45- to 59-year-old group (Figure 5). In
patients with CD4 T-cell counts between 200 and 500, approxi-
mately 30% of each age group had increased CD4 TREC contents,
whereas approximately 50% had lower CD4 TREC contents than
healthy age-matched controls (Figure 5). Finally, approximately
80% of 20- to 44-year-old subjects with CD4 T-cell counts lower
than 200 had CD4 TREC contents lower than those of age-matched
HIV-negative subjects (Figure 5). These analyses further support
the observation that de novo CD4 T-cell generation is selectively

Table 2. CD4 TREC contents in 3 subgroups of HIV-1-infected subjects identified by number of CD4 TRECs

compared with HIV-negative subjects

Age and HIV-negative subjects More than 500 CD4 T cells 200 to 500 CD4 T cells Fewer than 200 CD4 T cells
HIV-1-infected
subject CD4 TRECs,
group* N mean * 3 X SE N CD4 TRECs P N CD4 TRECs P N CD4 TRECs P
20-44y 68 11 553 *+ 3240
Higher 34 30 615 + 2394 < .001t 27 25541 + 2204 < .001t1 8 24 487 + 8757 .019t
Similar to 14 11 055 *= 525 .680 18 10 549 * 474 397 5 11 790 * 867 .953
Lower 19 3634 = 599 < .001t1 37 4216 = 398 < .001t1 26 3802 + 581 < .001t1
45-59y 34 6750 = 2481
Higher 8 19 550 * 2849 .002F 6 15 143 = 1760 < .001t1 NA NA NA
Similar to 8 5760 = 236 .257 4 5550 * 492 224 NA NA NA
Lower 16 1896 + 351 < .001t1 10 791 + 308 < .001t1 NA NA NA

P values represent t test comparisons between values in both groups. NA indicates not applicable.
*HIV-1-infected subjects are divided by age (in years) and subdivided according to whether their TREC counts were higher, similar to, or lower than those of their HIV-

negative counterparts.
TStatistically significant values.
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Figure 5. Proportion of HIV-1-infected subjects with CD4 TREC contents
greater than, similar to, and lower than those in HIV-negative subjects. Groups
with greater or lower TREC contents were defined by CD4 TREC contents greater or
lower than the mean + 3 X SE CD4 TREC contents in age-matched HIV-negative
subjects. Proportions were calculated in patients within 2 age groups (20-44 and
45-59 years) at different stages of disease. Numerical values within the bars indicate
the number of subjects analyzed per group. Higher TREC contents ([J). Similar
TREC contents (H). Lower TREC contents ().

increased in younger HIV-1-infected patients and that this increase
is predominantly found in patients during early-stage disease.

CD4 T-cell counts and TREC contents

The data shown in Figure 2A indicate that CD4 TREC contents
were similar between HIV-1-infected subjects and HIV-negative
subjects at intermediate-stage disease and that they became signifi-
cantly lower in subjects with advanced-stage disease. To better
define the CD4 T-cell count corresponding to the significant
reduction of CD4 TREC contents, HIV-1-infected subjects at
intermediate- and late-stage disease were stratified further by
smaller ranges of CD4 T-cell counts: 400 to 200, 300 to 200, and
200 to 100. The mean CD4 T-cell count was 315.7 = 51.9 in the
HIV-1-infected subjects (n = 65) with 400 to 200 CD4 T cells. In
this group, the mean CD4 TREC content was 11 653 = 1467, not
significantly different (9952 + 801; P = .3) from that of HIV-
negative subjects (n = 102) (Figure 6). The mean CD4 T-cell count
was 257.6 = 29.3 in the HIV-1-infected subjects (n = 21) with
CD4 T cells between 300 and 200, and the mean CD4 TREC
content (9217 = 1763) was not significantly different (P = .7)
from that of HIV-negative subjects (Figure 6). The mean CD4
T-cell count was 153 + 25 in the HIV-1-infected subjects (n = 28)
with CD4 T-cell counts between 200 and 100, and the mean CD4
TREC content (6412 = 1613) was significantly lower (P = .045)
than in HIV-negative subjects (Figure 6).
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Figure 6. Identifying CD4 T-cell counts associated with reduced TREC contents
within CD4 T cells. CD4 TREC contents were compared in 3 groups of HIV-1—
infected subjects () with CD4 T-cell counts from 400 to 200, 300 to 200, and 200 to
100 cells and of HIV-negative subjects ([J). Asterisk indicates statistical significance
(P < .05). Data expressed as mean * SE.
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Viral load and TREC contents

Analysis of the entire cohort revealed a negative correlation
between viral load and CD4 TREC contents (P = .015). How-
ever, when patients were stratified by viral load (eg, fewer than
25 000, between 25 000 and 100 000, and more than 100 000),
significant differences in CD4 TRECs in HIV-1-infected and
HIV-negative subjects were found only in those with aviral load
less than 25 000 HIV-1 RNA copies per milliliter plasma. These
subjects appeared to have significantly higher CD4 TREC
contents than healthy controls (P = .001). Approximately 60%
of the subjects in this group had CD4 T-cell counts higher than
500 per microliter blood. Therefore, low viral load seems to be
important for increased T-cell generation (data not shown).

Factors predicting TREC contents

On the basis of our results, age, CD4 T-cell count, and viral load
may influence CD4 TREC contents. We evaluated the ability of
these factors to serve as predictors of CD4 TREC contents by
multivariate regression analysis with age, CD4 T-cell counts,
and viral load as predictors (constant) and TREC contents as the
dependent variable. This analysis was performed on the total
cohort of 297 subjects enrolled in the study (Table 3). Age was
the strongest predictor of TREC contents in CD4 T cells. CD4
T-cell count was also a good predictor of CD4 TREC contents.
In contrast, viral load was not a predictor of TREC contents in
CD4 T cells. Similarly, age and CD4 T-cell count, but not viral
load, were good predictors of TREC contents in CD8 T cells
(data not shown).

Discussion

The purpose of the present study was to determine the impact of
age and the stages of HIV-1 infection on de novo T-cell
generation by determining TRECs. Several studies that have
recently investigated the effects of HIV-1 infection on TRECs
concluded that HIV-1 infection severely affects thymus func-
tion.3® |n general, however, the number of subjects studied was
relatively small, particularly in studies in which TREC contents
were determined in purified CD4 and CD8 T cells. Therefore,
they were not statistically powered to assess the impact of the
different stages of HIV-1 disease and of factors such as age on
TREC contents in CD4 and CD8 T cells. For these reasons, we
undertook an extensive analysis of TREC contents and total
TRECs in purified CD4 and CD8 T cells in 2 large cohorts of
HIV-1-infected (n = 297) and of HIV-negative subjects
(n = 120). HIV-1-infected subjects were stratified by CD4
T-cell counts corresponding to early, intermediate, and late
stages of HIV-1 disease. The impact of age was also determined.

Table 3. Multiregression analysis of the predictive ability of age,
CD4 T-cell count, and viral load on TREC contents
within CD4 T cells

Variable Coefficient 95% ClI P
Constant 25573.52 16 795.02 to 30 352.02 <.001
Age —431.45 —592.52 to —270.38 <.001*
CD4 count 10.60 4.32t0 16.88 .001*
Viral load —0.007 —0.017 to 0.002 .138

Cl indicates confidence interval.
*Statistically significant values.
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Our results indicated that CD4 and CD8 TREC contents are
differently affected throughout the stages of HIV-1 infection.
According to previous studies, TREC contentsin CD8 T cellswere
severely reduced in HIV-1-infected subjects.®” We showed that
they were reduced at any stage of HIV-1 disease. We found that the
percentage of dividing CD8 T cells was significantly higher in
HIV-1-infected subjects than in HIV-negative subjects and that
dividing cells correlated negatively with TREC contentsin CD8 T
cells. These results supported the hypothesis of Hazenberg et al”
that a dilution effect caused by increased cell division may
contribute greatly to the reduction of TREC contents in HIV-1
infection.2-30

TREC contents in CD4 T cells, however, were influenced
differently throughout the stages of HIV-1 disease. Compared with
HIV-negative subjects, TREC contents in CD4 T cells were
significantly higher in HIV-1-infected subjects during early-stage
disease, similar (or slightly increased) during intermediate-stage
disease, and severely reduced only at late-stage disease. We
excluded the possibility that some factors known to influence
TREC contents, including age, percentage of naive T cells, and
extent of cell division and of cell death, could explain theincreased
TREC contentsin CD4 T cells of HIV-1-infected subjects at early-
and intermediate-stage disease.3571518-22 A |arger fraction of naive
T cellsis, in principle, associated with higher TREC contents. We
found similar percentages of naive CD4 T cellsin HIV-1-infected
and HIV-negative subjects. Furthermore, increased cell division
may dilute TRECs, possibly reducing average TREC contents
despite thymic function in the norma range. Consistent with
previous studies,?®32 the percentage of dividing CD4 T cells was
increased (approximately 2-fold) in HIV-1-infected subjects at
early- and intermediate-stage disease compared with HIV-negative
subjects. Therefore, the effect, if any, of increased percentages of
dividing CD4 T cells would be reduced rather than increased CD4
TREC contents. By analyzing total TREC numbers per microliter
blood, we aso excluded the possibility that the increased CD4
TREC contents in early-stage HIV-1 infection were merely attrib-
uted to increased CD4 T-cell death rates. We conclude that de novo
T-cell generation in HIV-1-infected subjects during early-stage
disease was higher than in healthy age-matched controls. A
question, however, arises. Why did we find evidence for increased
CD4 TREC contents though previous studies do not report this and
many even suggest impaired thymic function during HIV infec-
tion? As mentioned, the present study has a 2-fold advantage—the
large number of subjects studied and the analysis of TRECs in
purified CD4 and CD8 T cells. This strategy allowed us to
investigate extensively the role of age, a factor known to influence
thymus function, on de novo CD4 T-cell generation and thus on
T-cell TREC contents. We found that increased de novo CD4 T-cell
generation was primarily limited to HIV-1-infected subjects younger
than 45 years during early-stage disease. We also quantified the
proportion of subjects with increased de novo CD4 T-cell genera-
tion at different stages of HIV-1 disease; this analysis confirmed
that the highest percentage of subjects with increased CD4 TREC
contents was found during early-stage disease in those who were
younger. Thus, theincrease in CD4 TRECs compared with healthy
controls was strictly age dependent and was attributed to a
subgroup of patients (younger than 45 years) who, because of their
small number, might have been underrepresented in previous
studies. The increase was aready lost in subjects in the 45- to
49-year range, and CD4 TREC contents became severely lower in
subjects in the 55- to 59-year range. Increased de novo CD4 T-cell
generation in younger patients during early-stage disease could
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represent a compensatory mechanism for the depletion of CD4 T
cells or perhaps a response to high levels of cytokines expressed
during HIV infection.33 Alternatively, the apparent increase in CD4
TREC contents in young HIV patients with relatively high CD4
counts might have resulted from high preseroconversion CD4
TREC contents in this group of patients. In either case, the current
analysis underscoresthe central role of de novo T-cell generationin
early HIV infection because it can either increase on HIV infection
or remain large despite HIV infection.

Our results are in accordance with a series of previous
reports suggesting the possibility of increased thymus function
in HIV infection. A high prevalence of thymic tissue, as
measured on chest tomography, was reported in a group of
HIV-1-infected patients compared with healthy controls, and
abundant thymic tissue was shown in patients younger than 40
years at early-stage disease.3* No decreased CD4 TREC con-
tents have been found in HIV-1-infected adolescents compared
with HIV-negative adol escents.® Furthermore, studiesin simian
immunodeficiency virus (SIV)-infected monkeys with no signs
of AIDS have shown increased numbers of mature thymocytes
and increased cell proliferation in the thymus.3 Thymocyte
numbers were severely reduced only in SIV-infected monkeys
with clinical signs of AIDS.

It is, however, important to underscore that the increase of de
novo T-cell generation could not be observed during later stages of
disease. Even among young patients, only 10% had increased CD4
TREC contents at advanced-stage disease. Consistent with this
finding, isotopic labeling studies have shown that in HIV-1-
infected patients at advanced stages of disease (eg, CD4 T-cell
counts less than 200), T-cell production did not increase despite a
significantly increased T-cell turnover rate.3-3" The close relation-
ship between age, stage of HIV infection, and increased de novo
T-cell generation sheds light on some clinical issues associated
with HIV-1 disease. Based on the present results and previous
studies, the more rapid progression of HIV-1 disease in the elderly
is likely the result of reduced or lost ability to compensate CD4
T-cell depletion with increased de novo T-cell generation.383°
Similarly, T-cell reconstitution in patients with CD4 T-cell counts
less than 200 who begin antiretroviral therapy may be hampered.*°
The importance of CD4 T-cell counts, not of vira load, in
influencing the rates of disease progression is also consistent with
our finding of no substantial effects of viral load on TREC
contents.*

The present study allows afew more considerations. If de novo
T-cell generation of CD4 T cellsis preserved during HIV infection,
there is no reason CD8 T-cell generation cannot be preserved. Yet
CD8 TREC contents were not increased in younger patients during
early-stage HIV infection. This is because of the TREC-diluting
effect of increased proliferation of CD8 T cells during HIV
infection. Such a diluting effect must also have occurred for the
CD4 T cells, but to a lesser extent so that it would not mask the
increased de novo T-cell generation. Our study may also facilitate
an understanding of why most of the studies performed on
nonfractionated blood mononuclear cells suggest defective thymus
function.#> By analyzing TREC contents in total blood mono-
nuclear cells, it is highly likely that the severe reduction in CD8
TREC contents masked the enrichment of TRECsin CD4 T cells of
younger patients during early-stage disease.

In conclusion, though previous investigators conclude that CD4
and CD8 TREC contents are decreased in HIV-1 infection, here we
demonstrate that CD4 TREC contents do not decrease until
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late-stage disease. Our results indicate that de novo CD4 T-cell
generation is preserved for a long time during the course of HIV
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Appendix

infection and that it is even increased in young HIV-1-infected

patients during early-stage disease. At more advanced stages of
disease and in older patients, no such increased T-cell production

could be observed.

The members of the Swiss HIV Cohort Study are: S. Bachmann, M.
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