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Abstract
Objective(s)—Depletion of thymus derived naive T-cells is a feature of HIV infection. Here the
impact of HIV infection on the compartmentalization of recent thymic emigrants of (RTE) and
naive T-cells was examined.

Methods—Peripheral blood mononuclear cells (PBMC) and lymphoid tissue (LT) from 43 HIV-
infected patients and 12 controls were examined for RTE distribution by measuring coding joint
T-cell receptor excisional circles (cjTREC) by PCR and naive and memory T-cell subsets and
adhesion molecules (L-selection, LFA-1) by flow cytometry.

Results—In HIV-infected patients, the RTE as quantified by cjTRECs in CD4 LT cells were
significantly higher than in PBMC. Their values, however, were less than in control subjects, in
both the LT and PBMC compartments. This was associated with an increase in L-selectin and
LFA-1 expression on LT derived T cells. In PBMC, a significant positive relationship between
TREC and naive CD4 cells and an inverse relationship between TREC and cellular viral load
(CVL) was observed. Whereas in LT, there was a positive relationship between cjTREC and both
naive CD4 cell percentage and CVL.

Conclusions—Collectively, the data suggests that LT is a significant reservoir for RTE. The
RTE appeared to be entrapped in LT from HIV-infected subjects. Such entrapment is probably a
response to the high viral load in these tissues. These observations may partially explain the
decline in RTE observed in the peripheral blood of HIV-infected patients, and the delay in
recovery of naive cells in blood after initiation of HAART.

Keywords
Naive T cells; recent thymic emigrants; TRECs; HIV; AIDS

Introduction
HIV-1 is known to alter the representation of memory and naive cells in the peripheral blood
of infected individuals [1,2]. The depletion of thymus-derived naive CD4 and CD8 T cells is
a fundamental feature of HIV-1 infection [1,2]. As naive CD4 cells are more resistant to
productive infection by HIV-1 than memory cells [3–5], it is unlikely that they are being
destroyed by direct viral infection. However, it is possible that they are not being produced
due to thymic failure assuming that this is a primary pathologic lesion in HIV-1 disease as
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previously suggested [6–8]. Alternatively the loss of naive T cells may be due to enhanced
differentiation to memory T cells or to enhanced programmed cell death of the activated
CD45RACD62L subpopulation from exposure to proinflammatory cytokines. Increased
apoptosis has been shown to occur in T cells from HIV-infected patients and particularly
from those with AIDS [9]. Apoptosis occurs in both naive and memory CD4 and CD8 T-
cells from HIV-infected patients [10], and this contributes to the HIV-driven
immunosuppression.

Partial restoration of memory and naive T-cell sub-populations in patients on potent
antiretroviral regimens has been reported [11–13]. The rise in naive CD4 cells, however,
occurs at much later time in the course of treatment than that of memory cells [12].
Although the patients clinically improve rapidly, their T-cell subsets are not fully
reconstituted. The thymus, where T lineage cells differentiate and mature to naive cells [14]
maintains the peripheral T-cell pool to varying degrees through life. The thymus decreases
substantially in size with age and has been felt to become functionally negligible by
adulthood. A substantial number of HIV-infected subjects however, aged 20–59 years, have
been shown by computed tomography to have thymic tissue [15,16]. The presence of
detectable thymic tissue was significantly associated with younger age, a shorter duration of
infection and a higher absolute number of naive CD4 T cells [15]. Individuals with abundant
thymic tissue developed higher levels of naive cells after highly active antiretroviral therapy
(HAART) than those with minimal tissue [6]. This suggests there is active thymic tissue in
some of these individuals into adulthood.

Recently the functionality of the thymus has been evaluated by measuring recent thymic
emigrants (RTE) in peripheral blood mononuclear cells (PBMC) using episomal DNA
circles, the TCR excision circles (TREC), that result from T-cell receptor α β gene
rearrangements as biomarkers [17–20]. The changes in TREC levels suggests that thymic
output is maintained into late adulthood, decreases during HIV infection and rapidly
increases in adults after HAART. It has also been shown that HIV-infected subjects who had
baseline TREC levels within the normal range did not have increases in RTE following
HAART, while those with preexisting impaired levels showed significant increases [18].
These increases were, however, numerically insufficient to account for the observed
increases in naive CD4 T cell counts.

T cells migrate continuously between peripheral blood and secondary lymphoid tissue (LT)
[21]. The patterns of migration of the memory and naive subpopulations have distinct
patterns [22] that are influenced by the expression of homing molecules such as L-selectin
[23] and adhesion receptors [24,25]. While memory cells tends to migrate to peripheral
blood, naive cells tend to home to LT. In LT, naive cells after encountering the appropriate
antigens are activated and may further differentiate to effector/memory cells. It has been
shown previously that HIV viral burden in the LT microenvironment is several fold higher
than in peripheral blood [26–28]. The impact of the infection on the homeostasis of naive
and memory T-cell subpopulations and their entrapment in LT, has not been thoroughly
examined. In this report the relationship of HIV infection to the compartmentalization of
RTE and naive T cells and to markers of disease progression were examined.

Materials and methods
Patient population

A total of 43 HIV-infected subjects participated in this study, 37 males and six females. The
age range was 25–50 years (median, 38 years). The CD4 cell counts ranged from 11 × 106–
1450 × 106 cells/l (median, 443 × 106 cells/l) and the HIV plasma viral load ranged from <
20 copies/ml to 7.5 × 105 copies/ml (median, 428 copies/ml). The patients were untreated
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(three subjects) or had been on dual or triple antiretroviral regimens for more than 3 months.
LT was obtained from cervical excisional lymph node biopsies or tonsillar tissue. The
procedures were performed in the General Clinical Research Center (GCRC) at the
University of Texas Medical Branch, Galveston, Texas, USA. The LT cells were then
mechanically dissociated in suspension before being analyzed for immunopheno-typic
markers or extracted for cellular viral burden and TREC analysis. PBMC were obtained
from blood collected from the patients at the time of the biopsy. Twelve control subjects
ranged in age from 20 to 55 years (median, 35 years) participated in this study.

HIV viral burden
Plasma was separated from EDTA anti-coagulated blood and frozen for batch analysis. The
quantification of HIV RNA copy number was performed by RT– PCR using the Amplicor
HIV-1 Monitor Standard and UltraSensitive kits (Roche Diagnostic, Branchburg, New
Jersey, USA). For the HIV cellular viral burden, 1 × 105 and 5 × 105 viable LN or PBMC
were suspended in 200 μl cell phosphate buffer saline (PBS). The aliquots were then
assayed by the Roche Monitor kit [28]. HIV RNA in all samples were measured initially by
the Standard kits. If samples had <200 copies/ml, they were reevaluated by the
Ultrasensitive kit; values < 20 copies/ml were considered undetectable.

Flow cytometry
Evaluation of naive versus memory subsets and adhesion molecules were done by
fluorescence activated cell sorting (FACS) as described previously [10]. Briefly, 20 μl of
anti-CD4 peridinin chlorophyll-a protein and 20 μl of either anti-CD45RO–phycoerythrin
(PE)/ CD45RA–fluorescein isothiocyanate (FITC), CD45 RA–FITC/CD62L–PE, LFA-1–
FITC or isotype matched control antibodies (Pharmingen, San Diego, California, USA) were
mixed with 100 μl EDTA-treated whole blood. The cells were incubated in the dark for 30
min at 4°C. After incubation red blood cells were lysed by adding 2 ml 10% FACS Lysing
Solution (Becton Dickinson, Mountanview, California, USA) to each sample. Samples were
then incubated for 10 min at room temperature, centrifuged and washed once with cold PBS.
After fixation in 2% paraformaldehyde the samples were stored at 4°C until analyzed.
Three-color flow cytometric analysis was performed within 24 h of fixation on a FACSORT
flow cytometer with collection and analysis of data using CellQuest software (Becton-
Dickinson). The analysis was performed on 10 000 collected lymphocytes.

Measurement of RTE by TREC
solation of total CD4 cellular DNA—CD4 T lymphocytes were isolated by positive
selection from PBMC or lymph node/tonsil LT cells using magnetic beads (Dynal, Inc.,
Lake Success, New York, USA) according to the manufacturer's recommendations. One
million purified CD4 T cells were then lysed and total cellular DNA was isolated by a
standard phenol–chloroform extraction procedure.

Measurement of TRECs—The copy number of cjTRECs in 1 μg of the cellular DNA
was measured by PCR–ELISA as described previously [29]. The sequences of the primers
used for amplifying VαJα coding joints were: 5′-CTAATAA
TAAGATCCTCAAGGGTCGAGACTGTC-3′ (forward primer), and 5′-
CCTGTTTGTTAAGGCACAT TAGAATCTCTCACTG-3′ (reverse primer). Briefly, 1 μg
DNA was amplified in the presence of 1 × PCR buffer, 20 mM MgCl2, 20 mM dNTPs
containing digoxigenin-labeled UTP, 2.2 mM each primer, and 1 U Taq DNA polymerase.
The PCR was started at 95°C for 5 min, and consisted of 25 cycles of amplification (90°C
for 30 s, 60°C for 30 s, 72°C for 30 s), and followed by extension at 72°C for 7 min. The
PCR products were used for ELISA measurement using DIG-detection kit (Roche Molecular
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Inc./Boehringer Mannheim, Mannheim, Germany). For each sample, 10 μl PCR product
was hybridized at 55°C for 3 h with biotin-labeled VαJα coding joint probe (5′-
TCTGTGTCTAGCACGTAGCC-3′) in a streptavi-din-coated ELISA microplate. After
washing the mi-croplate, anti-digoxigenin conjugated peroxidase was added and incubated
for 30 min at 37°C, followed by addition of the colorimetric substrate ABTS. The
colorimetric reaction was measured in a photometric ELISA reader at 405 nm. Plasmid
DNA containing known copy numbers of the VαJα-coding joint were used as standard to
determine the TREC copy numbers in the sample DNA.

Statistical analysis
Comparisons of means of paired samples (PBMC versus LT from same subject) only were
evaluated by paired Student's t test, for other evaluations unpaired Student's t test for
difference of means was used. Means ± SE are stated throughout. For correlations between
two parameters the predicted lines were determined by simple linear regression analysis.
The P values and Pearson's correlation coefficients, (r), were calculated by using the
Stat-100 statistical package (Biosoft, Cambridge, UK). Simple linear regression analysis was
used for the evaluation of trend relationships of cjTRECs to CD4 and HIV viral load using
the same statistical package.

Results
Distribution of RTE in PBMC and LT compartments of HIV-infected subjects

The LT microenvironment represents the site in which naive lymphocytes differentiate to
the memory phenotype in response to appropriate antigen exposure. As it has been shown
that in HIV-infected subjects the percentages of naive T cells in peripheral blood is
diminished as compared to that in normal controls, the distribution of naive CD4 RTE, as
measured by cjTREC, in LT and PBMC was examined. The cjTREC levels in the LT and
PBMC, compartments of HIV-infected subjects were significantly lower than those of HIV-
seronegative controls (Table 1). While the cjTREC levels in the LT and PBMC
compartments from HIV-seronegative controls were not significantly different, the cjTREC
levels in CD4 T cells in the LT of HIV-infected subjects were significantly higher than those
in PBMC.

Effect of age,absolute CD4 cell count and HIV plasma RNA on TREC levels from HIV-
infected individuals

As cjTREC levels have been shown to be age dependent [17,18], we compared these levels
among the age groups of the patients on the study. As shown in Fig. 1a, there was no
statistically significant difference or appearance of a trend in cjTREC levels between the age
groups examined. Others also, have not seen a difference in TREC levels between
individuals in the 25–50-year age range [18].

When the patients were stratified by their absolute CD4 T cell count, the cjTREC levels
appeared to increase with the rise in the absolute counts (Fig. 1b). The mean cjTREC levels
in the < 100, 100–300, 300–500 and the > 500 × 106 CD4 cells/l groups were 2525 ± 2173,
25 554 ± 8800, 47 952 ± 22 296 and 76 622 ± 17 261 copies/μg DNA respectively. The
apparent trend for the increase of cjTREC concentration with the increase in CD4 cell
counts was statistically significant (r, −0.37; P < 0.0188).

The relationship of TREC to the circulating HIV plasma RNA was also examined (Fig. 1c).
The cjTREC levels in the subjects with < 103, 103 to 105, and > 105 copies/ml were 55 003
± 11 911, 56 320 ± 30 600 and 7814 ± 3396 copies/μg DNA respectively. There was an
apparent trend for an increase in cjTREC with the decrease in HIV viral load (r, −0.36; P =
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0.0278). A significant difference however in the TREC levels from CD4 cells was observed
between the patients groups with < 1000 and > 100 000 copies of HIV RNA/ml plasma (P <
0.0001). The fact that there was no difference in TREC levels between the subjects with <
1000 and those with 1000–100 000 copies of HIV RNA/ml plasma suggests that the
functionality of the thymus is severely compromised only at late stages of HIV infection.

Distribution of naive and memory CD4+ T cells in LTand PBMC
The distribution of naive (CD45RACD62L) and memory (CD45RO+CD45RA−) CD4 T
cells in the LT and PBMC compartments were examined next. The means of the percentages
of naive and memory CD4 T cells in LT from HIV-seropositive patients were significantly
different from those from HIV-seronegative controls (Table 2). The percentage of naive
cells in LT was approximately half that in the PBMC in control subjects, and 1.3-fold that in
PBMC from HIV-infected patients. This dramatic difference, in percentage of naive cells in
LT, between infected and uninfected subjects suggests that naive cells are perhaps
sequestered in the LT tissues in response to HIV infection.

The relationship of TREC to percentage CD4 T cells and naive cells from HIV-infected
patients

The relationship of the percentage of CD4 cells and their naive subpopulation to RTE in LT
and PBMC was evaluated. A significant positive correlation between cjTREC levels and the
percentage of CD4 cells in either LT or PBMC was observed (r, 0.72; P = 0.011 and r, 0.65;
P = 0.016, respectively). A positive correlation between cjTREC and naive CD4 T cells in
peripheral blood was also observed (r, 0.55; P = 0.04). This relationship however did not
achieve statistical significance in the LT compartment (r, 0.5; P = 0.11; data not shown).

The relationship of TREC to the viral load in LT and PBMC compartments
Fourteen HIV-infected subjects with paired samples from peripheral blood and LT were
examined for their cjTREC levels in relationship to plasma and cell associated HIV RNA.
The viral load in LT cells ranged from 16 to 239 880 copies/105 cells (median, 27 459
copies/105 cells) and in PBMC from undetectable to 2154 copies/105 cells (median 229
copies/105 cells). The cell associated viral load in LT was approximately 120-fold that in
PBMC. There was an apparent inverse correlation between cjTREC levels and HIV cell
associated (r, −0.69; P = 0.014) and plasma RNA (r, −0.67; P = 0.008) respectively (Fig. 2a
and c). In contrast, the TREC levels in LT (Fig. 2b) positively correlated with the viral load
in LT cells (r, 0.57; P < 0.046). These data suggest that the increase in viral load in LT is
instrumental in attracting and retaining RTE in this compartment.

The distribution of L-selectin and LFA-1 in LTand PBMC
The pattern of the adhesion molecules, L-selectin and LFA-1 expression on T cells was
examined. These molecules are known to be involved in facilitating the recruitment of T
cells to LT. The percentage of the CD4 T-cell subpopulation expressing LFA-1 was
approximately 95% or higher in both the PBMC or LN compartments (data not shown).
However, the mean fluorescence intensity (MFI) for LFA-1 on CD4 in the LT, 298 ± 67
fluorescent units (FU; n = 9), was significantly higher than in PBMC, 139 ± 19 FU (P =
0.03, paired t test). The pattern of LFA-1 expression in T-cell subsets from a representative
patient is shown in Fig. 3. This suggests that a higher number of LFA-1 molecules per cell
are expressed in LT CD4 cells than in peripheral blood CD4 T cells.

L-selectin, however, displayed a different pattern. In control HIV-seronegative subjects, the
percentage of CD4 T cells expressing L-selectin in LT (60%) was significantly less than in
PBMC (83%) from the same subjects (P = 0.017; n = 16; paired t test). In contrast, in HIV-
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infected subjects the percentage CD4 cells expressing L-selectin in LT (82%) was
significantly higher than in controls (P = 0.018; unpaired t test) and approached a value
similar to that observed in PBMC (data not shown).

Discussion
In the HIV-infected cohort examined in this study, the level of RTE in peripheral blood as
determined by measuring cjTREC, was found to be significantly less than in uninfected
control subjects, in agreement with previously reported studies [17,18]. The wide range of
variation in TREC levels among the patients was independent of their age (range, 25–50
years), but was more related to the severity of their disease. The concentration of RTE in the
blood was severely diminished in patients with > 100 000 copies HIV RNA/ml plasma. The
cjTREC levels however, were more associated with changes in the absolute CD4 cell counts
than with changes in the plasma viral load. Significant levels of cjTREC were observed in
patients with viral loads up to 100 000 copies/ml and some had levels that were within the
normal range. This suggests that in HIV infection, although thymic function declines,
substantial output of naive cells is maintained through later stages of infection.

The data presented show that LT is a significant reservoir for RTE in both HIV-seronegative
as well as -seropositive subjects. This is not surprising as naive T cells after exiting the
thymus migrate to secondary LT such as peripheral lymph nodes and Peyer's patches in
search for their predetermined antigen [30]. This is in contrast to the previous suggestions
that lymph nodes had extremely low amounts of RTE [17]. We performed our studies on
viable CD4 T cells from LT cell suspensions in real time, whereas the study by Douek et al.
[17] measured the TREC in DNA extracted from formaldehyde-fixed, paraffin-embedded
lymph nodes. Interestingly, in HIV-infected patients the level of RTE in LT was
significantly higher than in peripheral blood. The TREC levels however, in both the LT and
PBMC compartments were lower than from uninfected control subjects. TREC levels in
peripheral blood tend to decrease if thymic output is impaired [17,18] or if there is
peripheral expansion of new naive T cells in the circulation [17,31]. As there were more
RTE in LT than in PBMC, it is possible that the observed decline of RTE in the peripheral
blood could partially result from selective trapping of these cells in the lymph nodes.

The cellular viral load from LT cells was significantly higher than in PBMC as previously
reported [26–28]. Among the patients examined, both the PBMC and plasma viral load
inversely correlated with the PBMC/ TREC levels. In LT on the other hand, the cellular viral
load positively correlated with the LT/TREC levels. This correlation leads us to suggest that
the increased concentration of RTE in LT as compared to PBMC in infected individuals may
be a response to the high viral load in these tissues. The increased RTE and naive CD4 cells
in LT may perhaps indicate their entrapment or sequestration in these tissues. The naive
cells are more resistant to HIV infection than memory cells [3,4,32,33]. Thus the entrapment
may be needed to compensate for the depletion of the memory cells resulting from infection.
Consequently naive cells will clonally expand and differentiate to effector and memory
cells.

Entrapment of naive cells in LT can be facilitated by expression of L-selectin, that is
required for homing of RTE, and by activation-dependent adhesion mechanisms, that are
mediated by leukocyte integrins [22–24, 30]. L-selectin is expressed on all circulating
leukocytes except memory cells [34]. In the present study, the frequency of expression of L-
selectin on CD4 cells from LT was enhanced as compared to controls. Moreover, the
expression of LFA-1, an adhesion marker, was higher in LT than in PBMC from the same
subject. The functional activation of LFA-1 on the surface of lymphocytes mediates firm
transient attachment to widespread cellular and extra-cellular matrix components in LT [35–
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38]. The functional activation of the integrins occurs when lymphocytes encounter their
appropriate antigen and become activated. We and others have shown previously that the
levels of T-cell activation in LN cells were higher than in PBMC from the same HIV-
infected subjects [28,39].

The initial increase in CD4 cells in patients treated with antiretroviral therapy was suggested
to occur as a result of de novo synthesis from improved thymic function [17]. This was
based on the assumption that HIV-infection suppressed thymic function and that TREC
levels increased much earlier [17] than naive cells in patients on HAART [12,40]. Others
attributed the CD4 increase in peripheral blood to redistribution of lymphocytes from
secondary lymphoid tissues to the circulation [39]. This was based on the observation that T-
cell activation markers and the frequency of cells expressing the adhesion markers,
intracellular-, and vascular cell adhesion molecules (ICAM and VCAM, respectively) were
dramatically reduced in lymph nodes following HAART. We believe that the increase in
CD4 cells occurs by both mechanisms – de novo thympoiesis as well as redistribution. The
fact that RTE levels positively correlated with the CD4 cell percentage, absolute CD4 cell
counts and percentage naive cells and their inverse relation to the viral load in the peripheral
blood argues for de novo thympoiesis, particularly in patients with advanced HIV disease.
Alternatively the high concentration of RTE and enhanced expression of L-selectin and
LFA-1 on T cells in association with the high cellular viral load in LT favors the
redistribution view. The data from the present study suggests that entrapment of RTE in LN
facilitates their differentiation to memory cells. The memory cell would then, upon
significant resolution of the local infection during HAART, be released to the circulation.
The memory, rather than the naive, T-cell subpopulation was shown to be predominantly
responsible for the early increase in CD4 during HAART [12,13]. Once equilibrium has
occurred, and HIV mediated cell death has ceased, migrating RTE and naive cells may also
be released from the LT and contribute to the restoration of the CD4 cell levels.

Collectively, the data suggest that thymic output is maintained in a substantial number of
HIV-infected patients despite the high viral load and that LT is a significant reservoir for
RTE. The RTE, as determined by cjTREC, and naive CD4 cells appeared to be entrapped or
sequestered in LT from HIV-infected subjects. Such entrapment is probably a response to
the high viral load in these tissues. These observations may explain in part the decline in
RTE observed in the peripheral blood of HIV-infected patients, and the delay in recovery of
NV cells in blood after initiation of antiretroviral therapy.
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Fig. 1.
Relationship of TREC to age (a), absolute CD4 cell counts (b) and circulating HIV plasma
RNA (c) of HIV-infected individuals. The trends for these relationships were evaluated
statistically using simple linear regression analysis.
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Fig. 2.
The relationship of TREC to cellular and plasma viral load in an HIV-infected cohort. The
cellular viral load was measured in lymph node (LN) cells and PBMC of HIV-infected
subjects. (a) n = 12, (b) n = 13, (c) n = 14.
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Fig. 3.
FACS analysis for the expression of LFA-1 on CD4 T cells. The panels showa comparison
for the expression of LFA-1 in peripheral blood and lymph nodes obtained from a
representative patient infected with HIV.
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Table 2

Distribution of naive and memory CD4 T cells in peripheral blood mononuclear cells (PBMC) and lymphoid
tissue (LT) mononuclear cells from HIV-infected individuals.

HIV-seropositive (n = 19) HIV-seropositive (n = 6) P (unpaired t test)

Naive cells (mean percentage ± SE)

 LT 49 ± 2 20 ± 5 0.008

 PBMC 37 ± 5- 42 ± 5 0.13

 P (paired t test) 0.0009 0.016

Memory cells (mean percentage ± SE

)

 LT 42 ± 3 74 ± 3 0.0001

 PBMC 51 ± 4 63 ± 4 0.039
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