
Introduction
Analysis of the initial dynamic effects of potent antiretro-
viral therapy on plasma HIV RNA levels has provided sig-
nificant insights into retroviral pathogenesis (1, 2). With-
in weeks after the administration of highly active
antiretroviral therapy (HAART), steep declines in plasma
HIV RNA (∼ 3 log10) are observed coincident with an abrupt
rise in CD4+ T cells circulating in the blood. One wide-
spread interpretation of these findings is that therapeutic
perturbation of a steady-state relationship reveals a con-
stant and dynamic equilibrium between virus-mediated
cell killing and endogenous production of uninfected
CD4+ T lymphocytes. In this “tap and drain” model (2),
decreased viral killing quickly tips the balance in favor of
lymphocyte production, allowing at least a partial immune
reconstitution to occur. Other investigators have offered
opposing viewpoints (3–5) based on several arguments: the
possibility that the adult immune system might not have
the capacity for the rapid CD4+ T-cell regeneration pro-
posed in this model; the lack of evidence for heightened
CD4+ T-cell turnover cells among HIV-infected individu-
als; and the observation of increases in all lymphoid sub-
sets in blood rather than a specific increase in CD4+ T cells
that are the target of HIV infection.

Pakker et al. (6) concluded that a significant proportion
of the CD4 +T-cell rise observed in treated individuals may

be attributable to redistribution of cells from tissues to
blood rather than to rapid replacement of the cells elimi-
nated by viral infection. However, using a cellular prolifer-
ation assay based on bromodeoxyuridine labeling of lym-
phocytes, Mohri et al. (7) describe generalized immune
activation and heightened blood lymphocyte turnover in
macaques infected with the simian immunodeficiency
virus (SIV) compared with uninfected control animals.
These investigators concluded that rapid regeneration of
T cells is a characteristic feature of the host response to
retrovirus infection. Thus, considerable controversy
remains regarding the cellular dynamics during initiation
of treatment and throughout the course of HIV infection.

To resolve these issues, we compared the total number
of lymphocytes and the distribution of lymphocyte sub-
sets in blood and lymphoid tissue specimens obtained
from HIV-infected adults before and after initiating
HAART regimens as part of a clinical study. HIV RNA
and protein expression, inflammatory adhesion mole-
cules (VCAM-1 and ICAM-1), and proinflammatory
cytokine messenger RNAs were also measured in lymph
node biopsy specimens before and after therapy. In this
study, we provide evidence that the resolution of
immune activation associated with potent suppression
of viral replication results in the net redistribution of
lymphocytes from lymphoid tissue to blood.
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Previous studies proposed a dynamic, steady-state relationship between HIV-mediated cell killing and
T-cell proliferation, whereby highly active antiretroviral therapy (HAART) blocks viral replication and
tips the balance toward CD4+ cell repopulation. In this report, we have analyzed blood and lymph node
tissues obtained concurrently from HIV-infected patients before and after initiation of HAART. Acti-
vated T cells were significantly more frequent in lymph node tissue compared with blood at both time
points. Ten weeks after HAART, the absolute number of lymphocytes per excised lymph node decreased,
whereas the number of lymphocytes in the blood tended to increase. The relative proportions of lym-
phoid subsets were not significantly changed in tissue or blood by HAART. The expression levels of
mRNA for several proinflammatory cytokines (IFN-γ, IL-1β, IL-6, and macrophage inflammatory pro-
tein-1α) were lower after HAART. After therapy, the expression of VCAM-1 and ICAM-1 — adhesion
molecules known to mediate lymphocyte sequestration in lymphoid tissue — was also dramatically
reduced. These data provide evidence suggesting that initial increases in blood CD4+ cell counts on
HAART are due to redistribution and that this redistribution is mediated by resolution of the immune
activation that had sequestered T cells within lymphoid tissues.
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Methods
Subjects. The subjects in this analysis were enrolled in a lymph
node substudy (Adult AIDS Clinical Trials Group 874) of an
ongoing multicenter clinical trial (ACTG 328). The University of
Alabama–at Birmingham Institutional Review Board reviewed
and approved both the parent trial and the lymph node biopsy
substudy. All subjects provided informed consent. The parent
clinical trial is focused on CD4 T-cell responses to HAART (2
reverse transcriptase inhibitors and the protease inhibitor indi-
navir) with or without parenterally administered cycles of recom-
binant human IL-2 (rhIL-2). This report focuses on 2 time
points in the clinical trial (baseline and week 10) before the addi-
tion of rhIL-2.

Biopsies. Excisional lymph node biopsies were performed during
the week before initiation of the antiretroviral regimen and again
after 10 weeks of HAART. All biopsies were obtained from the
posterior cervical lymphatic chain at level 3 or 4, and an entire
lymph node was removed under local anesthesia. After 10 weeks
of combination antiretroviral therapy, another excisional lymph
node biopsy was obtained from the same anatomic site on the con-
tralateral neck. In the operating room, the gross size of the lymph
node tissue (excluding adherent fat and connective tissue) was
measured in centimeters, and the volume of each specimen was
estimated in cubic centimeters. A measured portion was separat-
ed during surgery and transported to the biocontainment facility,

and a single cell suspension was prepared by standard mechanical
disaggregation. The absolute number of lymphocytes obtained
from this measured portion of the lymph node was determined by
direct cell count in a hemocytometer and used to estimate the total
number of lymphocytes in each node specimen. The remaining tis-
sue was immediately frozen in operating cutting temperature
(OCT) compound in liquid nitrogen and stored at –80°C.

Flow cytometry. The single cell suspension from the lymph node
and a specimen of blood obtained the same day as the lymph node
biopsy were analyzed by standard flow cytometry procedures.
Blood cell counts were performed in the University of Alaba-
ma–Birmingham Hospital Labs using an automated Coulter
counter. The frequencies of lymphoid cell subsets from the lymph
node cell suspensions were compared with those in the blood spec-
imens from each subject at baseline and after 10 weeks of HAART.

Quantitative measurement of cytokine mRNAs. Cytokine messenger
RNAs for IL-2, IL-4, IL-10, IFN-γ, IL-1β, IL-6, IL-12p40, TNF-α,
macrophage inflammatory protein-1α (ΜIP-1α), and the house-
keeping gene G3PDH were quantitated by a modification of the
procedure described previously by Hockett et al. (8). Briefly, a
series of adjacent frozen tissue sections were solubilized in guani-
dium isothiocyanate (GITC; ref. 9) at 10 µL per section (30 sec-
tions in 300 µL GITC). One section equivalent of GITC extract (10
µL) was added to the appropriate competitor RNAs at different
concentrations, each concentration in a separate tube. Extraction,
cDNA generation, PCR, and enzyme immunoassay (EIA) were
performed as described (8). The sequences of the primers and
detection oligos for PCR and EIA are shown in Table 1. Condi-
tions for PCR were as follows: 94°C for 30 seconds, 55°C for 1
minute, and 72°C for 30 seconds, 35 cycles. The appropriate Mg2+

for each primer set was as follows: 3.6 mM final for IL-2, IL-4, IL-
10, and IFN-γ; 2.6 mM final for IL-6, IL-12p40, and G3PDH; and
1.6 mM final for IL-1β, TNF-α, and MIP-1α.

Immunohistochemical staining. Immunohistochemical detection
was performed using a panel of mAb’s including anti–ICAM-1
(CD54) and anti–VCAM-1 (CD106) (Becton Dickinson
Immunocytometry Systems, Mountain View, California, USA).
Standard indirect immunohistochemical staining using biotiny-
lated anti-mouse IgG, the Avidin-Biotin Complex reagent (ABC
Elite; Vector Laboratories, Burlingame, California, USA), and
3,3′-diaminobenzidine (DAB; Sigma Chemical Co., St. Louis,
Missouri, USA) as the chromagen was performed as described
previously (10). Adjacent sections of each block were stained
without a primary mAb and with a control murine IgG1 mAb
specific for chicken T cells but unreactive to human tissue.

Results
The subjects are 7 HIV-infected males (median age: 44
years; range: 29–49 years) who had at baseline a median
absolute blood CD4 lymphocyte count of 136 (range:
61–350) cells per cubic millimeter and a median plasma
HIV RNA of 64,503 (range: 458–8,260,220) copies per
milliliter (Table 2). Six of the 7 subjects had achieved
viral suppression to less than 500 copies per milliliter at
the 10-week time point. The remaining patient (with the
highest initial viral load) experienced a >3 log10–fold
decline in viral load by week 10. The decline in plasma
HIV RNA was directly correlated with the decline of HIV
RNA+ cells in the lymph node biopsies, as determined by
in situ hybridization (Hockett, R.D., et al. In press.)

On physical examination, bilateral palpable cervical
lymph nodes were noted in all cases before therapy. After
10 weeks on HAART, the lymph nodes were decreased in
size in each case, based on preoperative evaluation by the
surgeon (Michael J. Sillers). In 4 of these 8 cases, no pal-
pable lymph nodes were noted at 10 weeks after HAART,
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Table 1
Sequences of PCR primers and internal detection oligos used for quanti-
tative competitive RT-PCR analysis of cytokine mRNA molecules

Molecule Oligo Sequence

IL-2 Upstream 5'-CTCACCAGGATGCTCAC
Downstream 5'-GTAGCAAACCATACATT
Detection 5'-CCAAGAAGGCCACAGAACTGAAACA
Sequence info. Bases 273–661 of Genbank # X01586

IL-4 Upstream 5'-CACGGACACAAGTGCGA
Downstream 5'-GCTCGAACACTTTGAAT
Detection 5'-GCTGCCTCCAAGAACACAACTGAGA
Sequence info. Bases 130–522 of Genbank # M13982

IL-10 Upstream 5'-TTCCAAGCCTGACCACG
Downstream 5'-ATTACAGGTGCGCGCCA
Detection 5'-CCTAACCTCATTCCCCAACCACTTC
Sequence info. Bases 925–1337 of Genbank # M57627

IFN-γ Upstream 5'-CAAGGTCGAAGAGCATC
Downstream 5'-GCTCAGATTGCAGGCAT
Detection 5'-AGCCAACCTAAGCAAGATCCCATGG
Sequence info. Bases 586–999 of Genbank # X13274

IL-1b Upstream 5'-GCACCTCTCAAGCAGAA
Downstream 5'-AGAGGCCTGGCTCAACA
Detection 5'-TGTACCCAGAGAGTCCTGTGCTGAA
Sequence info. Bases 793–1122 of Genbank # X02532

IL-6 Upstream 5'-GGAGACTTGCCTGGTGA
Downstream 5'-AGGCTGGACTGCAGGAA
Detection 5'-CAAGCCAGAGCTGTCCAGATGAGTA
Sequence info. Bases 387–680 of Genbank # M14584

IL-12p40 Upstream 5'-CAAGCAAGGCTGCAAGT
Downstream 5'-TCCTGCCTCATCCTCCT
Detection 5'-TGAGAAGATCCAGGAGAACAAGATGCTAGT
Sequence info. Bases 1404–1800 of Genbank # M65290

TNF-α Upstream 5'-TGTGAGGAGGACGAACA
Downstream 5'-GGAGAGAGGAAGGCCTA
Detection 5'-GAATGCTGCAGGACTTGAGAAGACC
Sequence info. Bases 850–1234 of Genbank # X01394

MIP-1α Upstream 5'-AGTGAGCTCCTAAGCCA
Downstream 5'-CTGCCAGCAGTAGTTCC
Detection 5'-GACGGAAGAGTTGAGACCTAACGAG
Sequence info. Bases 1523 to 1799 of Genbank # L10918

G3PDH Upstream 5'-TCCTGCACCACCAACTG
Downstream 5'-GCCTGCTTCACCACCTT
Detection 5'-CCTGACCTGCCGTCTAGAAAAACCT
Sequence info. Bases 484–827 of Genbank # M17851



although in 3 of these cases, limited surgical exploration
of the posterior cervical area did yield small lymph
nodes. The subject in whom no lymph nodes were
obtained on the second biopsy was excluded from this
analysis in order that 7 patients with paired blood and
lymph node tissue at baseline and 10 weeks after HAART
could be compared. Thus, administration of HAART to
these advanced HIV-infected subjects caused loss of pal-
pable lymph nodes in 4 of 8 subjects and decreased size
of the palpable lymph nodes in the other 4 subjects.

In the 7 cases with 2 successful biopsies of cervical lymph
nodes, both direct size measurements (median estimated
volume of excised lymph nodes: 1.3 cm3 before HAART
and 0.5 cm3 after HAART; P < 0.05) and the number of lym-
phocytes per excised node (median: 121 × 106 before
HAART and 14.4 × 106 after HAART; P < 0.05) suggest a
significant decrease in lymphadenopathy on therapy. The
decrease in lymph node cellularity correlated inversely with
the increasing trend in the absolute lymphocyte count per
microliter of blood (Figure 1). The subject with the lowest
viral load before HAART (458 copies/mL; Figure 1, filled
circle) actually showed a decrease in total lymphocytes in

blood and a slight increase in the size of the lymph node
specimen. The other subject with a decrease in blood lym-
phocytes (Figure 1, filled triangle) was diagnosed with an
inflammatory retroperitoneal mass due to mycobacterial
infection after the second biopsy. Although the expected
rise in blood lymphocytes on therapy does not reach sta-
tistical significance with these 2 exceptional cases includ-
ed, these observations actually support the hypothesis that
an inverse relationship exists between the number of lym-
phocytes circulating in blood and the number of lympho-
cytes localized in inflamed tissues.

Evaluation of lymph node and blood lymphocytes by
flow cytometry showed similar proportions of both CD4
and CD8 T-cell subsets (Figure 2) in each compartment
before and after antiretroviral treatment. However, there
were significantly more CD8 T cells in the blood com-
pared with paired lymph node tissue biopsy specimens
both before and after induction of HAART. Thus, the pro-
portion of the total T cells that are CD4+ was greater in the
lymph node tissue than in blood in these subjects, indi-
cating relative sequestration of CD4 T cells in lymph
nodes. Comparison of the major lymphoid subsets in
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Table 2
Patient characteristics and total cellular counts before and after HAART.

Blood Lymph node biopsy

Baseline 10 week Baseline 10 week

Pt ID Sex Age Abs lymphs % CD4 T Plasma VL Abs lymphs % CD4 T Plasma VL Abs lymphs % CD4 T Abs lymphs % CD4 T

1 M 46 1,326 13 4,650 2,862 14 130 121 14 8 8.3
2 M 44 2,112 21 458 1,575 25 <50 125 22 152 28
3 M 30 675 10 8,260,000 330 18 2,980 67 11 2.4 15
4 M 44 989 10 64,500 1,275 11 214 238 9 10.4 10
5 M 29 768 21 450,000 1,312 16 95 200 23 181 25
6 M 37 962 10 24,200 1,480 16 <50 97 25 14 36
7 M 39 1,239 11 80,900 1,728 11 120 70 7.4 49 11
8 M 33 1,188 21 144,000 1,584 26 195 60 13 No Tissue obtained

Patient Cohort studied with paired blood and excisional Lymph Node biopsy analysis.  Subject 8 is not included in subsequent analysis since no lymph node
tissue was obtained on the second biopsy, despite limited surgical exploration, due to shrinkage of the Lymph Node with antiretroviral therapy.  The absolute
number of lymphocytes (Abs. Lymph) per microliter of blood or in the entire excisional lymph node biopsy specimen (in millions of cells per lymph node) was
determined by direct cell count and the percentage of CD4 T cells was determined by flow cytometry (see methods).

Figure 1
Absolute numbers of lymphocytes in blood and a single excision lymph node biopsy from level 3 or 4 in the posterior cervical chain before induction
of HAART and 10 weeks after HAART in 7 subjects. Blood and lymph node biopsies were obtained on the same day. Different symbols represent
individual subjects. Biopsies after HAART were taken from the opposite side of the neck in the same anatomical location as the prior biopsy. The
decrease in number of lymphocytes per lymph node is significant (P < 0.05) by paired t test (median: 121 × 106 cells before HAART and 14.4 × 106

cells after HAART). The gross size of the measured lymph node specimens was also significantly decreased (P < 0.05), as determined by paired t test
(median: 1.3 cm3 before HAART and 0.5 cm3 after HAART). The increase in lymphocytes in the blood does not reach formal statistical significance
(P = 0.11; median: 989 cells/µL before HAART and 1,480 cells/µL after HAART). Note that subject 2 (filled circle; see Table 2), with the highest lym-
phocyte count and lowest viral load before HAART, showed decreased blood T cells but increased cells in lymph node. This subject confounds the
general trend of increased cells in blood but is consistent with an inverse relationship between blood and tissue cells.



either lymph node tissue or blood for changes in either rel-
ative frequency or absolute counts (Figure 3) demon-
strates no significant changes in relative frequency, but an
inverse pattern of change in tissue compared with blood.
Although the fraction of CD4 T cells in both blood and
tissue was slightly higher 10 weeks after the initiation of
HAART, this difference is not significant. Thus, the pre-
dominant overall change was an increase in the absolute
number of lymphocytes in blood (including B cells), with
a corresponding decrease in cell number in these superfi-
cial lymph nodes. These alterations in cell numbers are
more consistent with the concept of redistribution of cells
from tissue to blood rather than generation of “new” CD4
T cells in all anatomical compartments.

Examination of the proportions of various subsets of
CD4 and CD8 T cells in these paired blood and lymph
node specimens also reveals evidence consistent with
redistribution of cells after HAART. In both the CD4 and
CD8 subsets of T cells, the frequency of activated T cells
that coexpress HLA-DR and/or CD38 was higher in
lymph node than the matched blood specimen (Figure 4).
Although the frequency of activated T cells decreased mar-
ginally in both blood and tissue after HAART, the prefer-
ential sequestration of the activated subset of cells in
lymph node tissue remained statistically significant even
after 10 weeks of antiretroviral therapy. Thus, the consis-
tent pattern in the distribution of lymphocyte subsets is
the relative abundance of the activated T cells in lymph
nodes compared with matched blood specimens. There
were also significantly more CD28+CD8+ T cells in lymph
nodes compared with the simultaneous blood specimen,
with little change in this proportion after the induction of
HAART. There were also significant differences between
the lymph node and blood CD8 T cells that express the
CD45RA isoform and CD62L, markers related to the
memory status of these cells. In this cohort of 7 subjects,
there were no statistically significant changes in the per-
centage of these T-cell subsets after the initiation of
HAART in either blood or lymph node compartments.
Thus, activated T cells are relatively sequestered in lymph
node tissue compared with blood, and the absolute size of
the lymphocyte pool rises in blood and falls in these
lymph node tissues after induction of HAART.

One hypothesis to account for the abrupt rise in circu-
lating blood lymphocytes after HAART is that suppres-
sion of viral replication reduces the intense immune acti-
vation in lymph node tissues that had previously
sequestered lymphocytes in tissue sites. Consistent with

this model, the frequency of viral RNA+ cells determined
by in situ hybridization decreased in parallel to the fall in
plasma viral load in this set of lymph nodes (Hockett,
R.D., et al., manuscript submitted for publication). To
examine another parameter of immune activation in these
tissue specimens, we determined the level of expression of
several inflammatory cytokine mRNA species in these
lymph node biopsies before and after induction of
HAART (Figure 5). Cytokine mRNAs for IFN-γ, IL-1β, IL-
6, and MIP-1α decreased significantly in lymph node tis-
sue after HAART. The level of TNF-α and IL-12p40
mRNA decreased in some specimens but was more vari-
able, and this trend did not reach statistical significance.
The levels of expression of IL-2 and IL-4 mRNA were
below the limits of detection both before and after thera-
py. Some specimens showed detectable IL-10 mRNA
expression, with no consistent difference detected in spec-
imens obtained before versus after induction of HAART.

A key determinant of the recirculation of lymphocytes
between blood and tissue sites is the expression of adhe-
sion molecules. We investigated whether the resolution of
active viral replication by HAART would alter the expres-
sion of adhesion molecules by staining frozen sections of
these lymph nodes with mAb’s specific for adhesion mol-
ecules ICAM-1 (CD54) and VCAM-1 (CD106). ICAM-1
and VCAM-1 are integrins that mediate lymphocyte-
endothelial cell interactions and promote the sequestra-
tion of circulating lymphocytes in tissue. The levels of these
integrins are known to increase in tissue after stimulation
with inflammatory cytokines (11–17). As shown in Figure
6, ICAM-1 and VCAM-1 were expressed in high concen-
trations in tissues obtained before therapy and substan-
tially declined after antiretroviral therapy. These changes
were noted primarily in the parafollicular area (T-cell zone)
of the lymph node, with a lesser decrease in the follicular
center areas. These results suggest that viral antigen stim-
ulates immune activation in lymphoid tissue during peri-
ods of high viral replication. Suppression of viral replica-
tion by HAART may result in a substantially decreased
antigenic stimulus, reduced inflammatory cytokine expres-
sion, reduced adhesion molecule expression, and, finally, a
net redistribution of lymphocytes from these previously
inflamed tissues into the blood.

Discussion
The rapid decline in plasma viral load and the concur-
rent rise in CD4 T cells detected in blood after the insti-
tution of HAART led to a new conception of HIV disease
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Figure 2
Comparison of relative frequency of total T cells and
the CD4 and CD8 subsets of T cells by flow cytome-
try analysis in paired specimens of blood and lymph
node obtained the same day before induction of
HAART and 10 weeks after HAART in 7 subjects. The
fraction of total T cells and CD8+ T cells among the
total lymphocytes was significantly lower in lymph
node than in blood (**P < 0.01; paired t test) both
before and after HAART. There were no significant
differences in the fraction of any subset of cells com-
paring the before/after HAART analysis within the
same compartment.



pathogenesis (1, 2). The rapid fall in viral RNA resulting
from drugs that block new infection implies that HIV
disease involves continual rounds of de novo infection
of CD4+ cells and their equally rapid death in vivo. The
idea of rapid CD4 T-cell production provided an elegant
parallel to the dynamic nature of viral turnover. The con-
cept of a high rate of viral-mediated cell death balanced
by an equally high rate of cellular production, however,
fails to account for multiple features of HIV disease and
T-cell physiology. An alternative explanation for the
acute reciprocal changes observed in the number of cir-
culating T cells and plasma viral load is that blockade of
active viral replication results in resolution of lympho-
cyte sequestration in tissue sites and redistribution of
these sequestered cells to blood.

The concept of a high rate of viral-mediated cell death
balanced by an equally high rate of cellular production
leads to the conclusion that the turnover of CD4 T cells
is high during HIV infection. Several different method-
ological approaches have been used to measure the extent
of T-cell turnover, and some of the resulting data have
been conflicting. Although active SIV infection in non-
human primates is associated with increased turnover of
CD4+ T cells as assessed by bromodeoxyuridine labeling
(7), estimates of cellular turnover in HIV disease using
analysis of telomere length appear to contradict this con-
clusion (18, 19). Because shortened telomeres are corre-
lated with proliferative cellular senescence in multiple lin-
eages (20–22), they are markers of increased cellular
turnover. Although CD8+ T cells from HIV-infected sub-

jects do have shortened telomere length (23), there is lit-
tle change in telomere length within the CD4+ T-cell sub-
set (18, 19). Analysis of either blood (24) or lymphoid tis-
sue (25) proliferative rates assessed by expression of
nuclear antigen Ki-67, which is not expressed in G0 cells,
demonstrates increased turnover of both CD4 and CD8
T cells in active HIV infection. The analysis of T-cell
turnover rates in blood CD4 T cells using the incorpora-
tion of deuterium-labeled glucose into newly synthesized
DNA indicates higher turnover with HIV infection and
an increase in the fraction of labeled CD4 T cells in the
blood after institution of HAART (26, 27).

To account for increased numbers of T cells in the
blood after antiretroviral therapy, however, the distinc-
tion between the 2 conceptual models is not based on
the magnitude of cellular turnover per se. The critical
conceptual distinction between these models is the nature
of the stimulus for the increased cellular turnover. One
view is that cellular proliferation is a compensatory mech-
anism to replenish the continual loss of CD4 T cells due
to HIV-induced cell death. An alternative hypothesis is
that high viral antigen drives an intense, but only partial-
ly effective, immune response. Active immune responses
are normally associated with cellular proliferation and
activation-induced cell death mediated by expression of
CTLA-4 on activated T cells (28, 29). We propose that
increased antigen-driven cellular turnover in active HIV
infection is generally balanced by this normal mechanism
of activation-induced apoptosis rather than by direct HIV-
mediated cell death. The increased turnover rate of CD8
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Figure 3
Comparison of relative frequency (top) and absolute number (bottom) of lymphoid subsets in either lymph node or blood. The dark bars are data
from baseline (before HAART), and the light bars are data from 10 weeks after HAART induction. The fall in lymphocytes in the lymph node biopsy
(Figure 1) results in a calculated decrease in total T cells, CD8+ T cells, and B cells in the lymph node (*P < 0.05), although the relative fraction of
these cells is not significantly changed by HAART (top). Although the increase in blood does not achieve formal statistical significance, a single sub-
ject with high initial lymphocyte count that fell after therapy confounds the trend of increased cells in blood.



T cells also found during active viral replication is more
compatible with an ongoing antiviral immune response
rather than a compensatory mechanism to balance loss of
cells due to HIV-mediated cell death.

The concept of high lymphocyte turnover resulting in
an abrupt increase in circulating T cells after initiation of
HAART is likewise not supported by other studies of lym-
phocyte kinetics. Most T cells arise in the thymus during
the first few years of life, and the thymus substantially
involutes by the time of adulthood. Murine and human
studies of T-cell production and survival suggest that the
T-cell population as a whole is quite long-lived (30–33).
When thymectomized mice are given an anti-CD4 anti-
body that eliminates most of the CD4 T cells, there is neg-
ligible recovery of these cells over many months (34, 35).
Similarly, the recovery rate of blood T cells in adults with-
out HIV infection who are treated with ablative
chemotherapy (36, 37) or anti-CD4 mAb’s (38, 39) is quite
modest, occurring only gradually over many years. These
results indicate that the mere existence of available niche
space in peripheral tissues is not a strong stimulus for the
net production of T cells. In this context, reports that rest-
ing CD4 T cells with latent HIV infection are not cleared
rapidly (40, 41), even after prolonged effective antiretrovi-
ral therapy, are also consistent with a slow turnover of
CD4 T cells in vivo. Although total population growth of

CD4 T cells in vivo is slow, the transit rate of lymphocytes
between lymphoid tissue compartments and the blood
pool is rapid, with estimates that individual cells transit
from blood to tissue and back again as often as 2 times per
day (32, 42). Circadian rhythms in the absolute CD4 lym-
phocyte count in circulating blood (43, 44) represent a
well-known example of this constant variability.

Another result that further distinguishes between
these 2 models of cellular dynamics after antiretroviral
therapy is that there is actually an increase in the total
lymphocyte count, not exclusively an increase in CD4 T
cells. Although this fact was noted in the original reports
of high turnover (1, 2), and later by others (45), the con-
ceptual importance of this observation has only recent-
ly been emphasized (6, 46). Autran et al. (47) described
an initial and abrupt increase in the CD45RO subset of
CD4 T cells, followed over many months by a more sub-
tle increase in the CD45RA subset. Pakker et al. (6) rec-
ognized that potent antiretroviral therapy results in an
increase in all blood lymphocyte populations (CD4,
CD8, and B cells) in the initial weeks after antiviral ther-
apy. These authors also confirmed that the bulk of this
early rise is due to the return of memory (CD45RO)
rather than naive (CD45RA) lymphocytes and that the
initial increase was minor in subjects with less-advanced
disease and high baseline CD4 counts. Pakker et al. pro-
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Figure 4
Comparison of relative frequency of multiple T-cell subsets by three-color flow cytometry analysis in paired specimens of blood and lymph node
before and after induction of HAART. In each set of analyses, the first set of bars represents the fraction cells positive for the first marker, and the
second set represents the fraction cells positive for the second marker. The third set of bars (+/+) represents the fraction of cells that coexpress both
markers. Top: CD4 T cells; bottom: CD8 T cells; left: data before HAART; right: results from 10 weeks after HAART. Differences between lymph node
and blood for the same subset on the same day with statistical significance by a paired t test are indicated by asterisks: *P < 0.05, **P < 0.01. There
were no statistically significant differences among these 7 subjects, comparing the data for any subset before versus after HAART.



posed that these initial changes in cell numbers could be
due to redistribution of lymphocytes from the tissues,
but simultaneous tissue assays were not available to ver-
ify this hypothesis.

The observations reported here directly support the con-
cept that the first-phase rise in lymphocytes, including
CD4 T cells, is most likely due to redistribution of lym-
phocytes from lymphoid tissue to blood. First, activated T
cells are relatively sequestered in lymph nodes compared
with blood, both before and after therapy. Second, the
expression level of mRNA for multiple inflammatory
cytokines is decreased after institution of antiretroviral
therapy. Studies with immunohistochemical localization
of various cytokine proteins have also shown significant
decreases in cytokine expression associated with HAART
induction (48). Third, the absolute size of the superficial
lymph nodes (and absolute number of lymphocytes in
these nodes) decreases after therapy, although the relative
proportions of the major lymphocyte subsets do not show
substantial changes. Fourth, the expression levels of sever-
al adhesion molecules that directly mediate the trafficking
of lymphocytes between blood and lymphoid tissue are sig-
nificantly decreased in lymph node tissue after therapy.
These results are most consistent with the resolution of a
previously intense immune activation, which was driven by
viral antigen produced as a consequence of high viral repli-
cation and which had resulted in relative sequestration of
lymphocytes in the sites of viral antigen production. An
alternative possibility is that HIV-infected cells produce a
key inflammatory cytokine as a direct consequence of cel-
lular infection and that this hypothetical cytokine drives
the state of immune activation in sites of viral replication.
The conclusion that the first-phase rise in blood lympho-
cytes is due to redistribution does not rule out the possi-
bility that the total body pool of CD4 T cells may rise slow-
ly with continued suppression of viral replication, by way
of either expansion of existing T cells or thymic generation,
as proposed by other investigators (47).

The redistribution model suggests that the early
improvement in immune function and the recovery from
constitutional symptoms observed after individuals with

advanced HIV disease start therapy may be due to resolu-
tion of the immune activation state associated with high
viral replication — rather than being attributable to the
production of new CD4 T cells. Such immune activation
could have many consequences, including increased
expression of cellular adhesion molecules resulting in
sequestration of cells in lymphoid tissues. This chronic
immune activation likely has net inhibitory effects on
other immune responses, including cytokine expression
and the ability of lymphocytes to migrate to sites of anti-
gen exposure. Suppression of viral replication by a wide
variety of antiretroviral regimens results in substantial
immune reconstitution, with decreased rates of oppor-
tunistic infection and death from AIDS (49, 50). The con-
cept that this functional improvement is directly related
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Figure 5
Expression levels of various inflammatory cytokines determined by quan-
titative competitive RT-PCR in the lymph node biopsies of these 7 sub-
jects before and after induction with HAART. Reduced expression of IFN-
γ, IL-1β, IL-6, and MIP-1α is statistically significant (*P < 0.05) by a
paired t test. The expression levels are normalized to the number of copies
of each cytokine mRNA per 105 mRNA copies of the constitutive intra-
cellular enzyme G3PDH, which corresponds to ∼ 103 lymphocytes. The
ratio of G3PDH mRNA per volume of lymph node tissue analyzed did not
change after HAART (data not shown).

Figure 6
Representative photomicrographs demon-
strating immunohistochemical staining of
lymph node sections before (left) and after
(right) HAART with ICAM-1 (top) and
VCAM-1 (bottom). Expression of these mark-
ers was decreased in each pair of biopsies
examined. These sections represent analysis
performed on the same day with the same
staining conditions for biopsies obtained
from an individual patient.
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to a decrease in the chronic state of immune activation
associated with high viral replication supports the con-
clusion that the immunodeficiency associated with AIDS
is more than just a quantitative loss of CD4 T cells.
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