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Abstract
HIV-induced immune activation leads to expansion of a subset of human CD8+ T cells expressing
HLA-DR antigens. Expansion of CD8+HLA-DR+ T cells can be also observed in non-HIV
settings including several autoimmune diseases and aging. Although these cells are felt to
represent “immune exhaustion” and/or to be anergic, their precise role in host defense has
remained unclear. Here, we report that this subset of cells exhibits a restricted repertoire, shows
evidence of multiple rounds of division, but lacks markers of recent TCR-engagement. Detailed
cell cycle analysis revealed that compared with their CD8+HLA-DR-counterpart, the CD8+HLA-
DR+ T-cell pool contained an increased fraction of cells in S-phase with elevated levels of the G2/
M regulators: cyclin A2, CDC25C, Cdc2 (CDK1), indicating that these cells are not truly anergic
but rather experiencing proliferation in vivo. Together, these data support a hypothesis that antigen
stimulation leads to the initial expansion of a CD8+ pool of cells in vivo that undergo further
expansion independent of ongoing TCR-engagement. No qualitative differences were noted
between CD8+HLA-DR+ cells from HIV+ and HIV− donors, indicating that the generation of
CD8+HLA-DR+ T cells is a part of normal immune regulation that is exaggerated in the setting of
HIV-1 infection.

Keywords
Immune activation; HIV; activated CD8+ T cells; HLA-DR; cell cycle

Introduction
The immune systems of patients with HIV-1 infection are characterized by a decrease in size
of the CD4+ T-cell pool; an increase in size of the CD8+ T-cell pool; and a global state of
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immune activation, leading to an impaired ability to mount antigen-specific immune
responses [1-3]. The clinical consequences of HIV-associated immune activation extend
beyond host defenses. It has become apparent that HIV-1 infection is not only a risk factor
for opportunistic infection and neoplasms but also cardiovascular, hepatic and renal diseases
[4-6]. The importance of immune activation in HIV infection has been reinforced by the
strong association betweens baseline levels of IL-6, D-dimer, soluble CD14, and all-cause
mortality [7, 8].

An increase in the number and fraction of CD8+ T cells is a prominent feature of HIV-
infected individuals [3, 9]. These activated CD8+ T cells express HLA-DR and CD38
antigens on their surface and exhibit increased turnover in vivo [10, 11]. The importance of
activation of this cell pool is reflected in observation that the level of CD8 T cell activation,
as determined by HLA-DR and CD38 expression, is a single better correlate of the risk of
the onset of AIDS and death than either CD4 cell count or plasma viral load [12, 13].

Expansions of CD8+ T cells positive for HLA-DR expression occur in other disease settings
and in healthy individuals. They can be observed in the blood of individuals with certain
types of autoimmune diseases including systemic lupus erythematosus (SLE)[14], mixed
connective tissue disease[15], multiple sclerosis [16], psoriasis [17], rheumatoid arthritis
[18] or Wegener’s granulomatosis [19]. They also increase as part of the normal aging
process [20]. Their occurrence and pattern of persistence indicate that at least some of the
expanded CD8+HLADR+ T cells may be a part of normal immunoregulation.

A number of studies have demonstrated that CD8+ T cells obtained from patients with
HIV-1 infection are more prone to apoptosis [21, 22] and less responsive to anti-CD3
stimulation than CD8+ T cells from uninfected individuals when stimulated in vitro [23, 24].
The mechanism(s) underlying these observations have been difficult to dissect. In the
present study, we have sought to more carefully study these cells from the perspective of
cell cycle regulation and in so doing derive a better understanding of their possible role in
health and disease.

Results
Ex vivo CD8+HLA-DR+ T cells do not express activation markers associated with recent
TCR stimulation

It has been known for some time that a subset of peripheral blood CD8+ T cells from
patients with HIV-1 infection exhibit increased expression of the activation markers: HLA-
DR and CD38 [10, 11]. The activation marker profile of these CD8+HLA-DR+ cells is quite
distinct from that seen following activation of CD8+ T cells via the TCR complex (modeled
by “In vitro activated CD8+ T cells” in Fig.1). Approximately, 90% of the CD8+HLA-DR+

T cells activated in vitro were positive for CD25 24 hours following stimulation with anti-
CD3+CD28. In contrast, only a small fraction of peripheral blood CD8+HLA-DR+ T cells
expressed CD25 (10% in control; 8% in HIV+ <50; and 5% in HIV+ ≥50) A similar
dichotomy was noted for CD8+HLA-DR− T cells. While CD8+HLA-DR+ cells without
concomitant expression of CD25 and CD69 are seen in the peripheral blood of both control
individuals and patients with HIV-1 infection, this population is overrepresented in the pool
of CD8+ T cells in patients with HIV-1 infection (39% of CD8+ T cells had the
HLADR+CD25− phenotype in HIV-infected individuals vs. 17% in controls) (Fig.1).

To directly visualize these cell subpopulations, freshly-isolated CD8+HLA-DR-and
CD8+HLA-DR+ were stained with Wright-Giemsa stain. While the majority of CD8+HLA-
DR+ cells were similar in size to the CD8+HLA-DR− cells, the CD8+HLA-DR+ cells also
contained a portion of cells that were larger in size and exhibited more irregular shapes than
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the CD8+HLA-DR− cells (Fig.2). Chromosome condensation, a characteristic feature in
mitotic cells, was easily detectable in CD8+ T cells that were stimulated in vitro with anti-
CD3+CD28 for 2 days at a frequency of an approximately 20 in 100, and in freshly-isolated
CD8+HLA-DR+ cells at a frequency of an approximately one in 100. Neither chromosome
condensations nor enlargement of cell size was ever detected in freshly-isolated CD8+HLA-
DR− cells. The shape and the size of the cells from the HIV-infected individuals (both HIV+
<50 and HIV+ ≥50 groups) were very similar to those from the healthy control subjects.

CD8+HLA-DR+ T cell pool contains more cycling cells than CD8+HLA-DR− T cell pool
The fraction of cells in the S-phase of the cell cycle was addressed by measuring
spontaneous ex vivo incorporation of the DNA precursor BrdU (or EdU) (Fig.3). PBMCs
from control, HIV+ <50 and HIV+ ≥50 individuals were pulse-labeled with BrdU (or EdU)
for 4 hours, and BrdU (or EdU) incorporation was measured by flow cytometry. The
CD8+HLA-DR+ pool of cells consistently had higher levels of BrdU (or EdU) incorporation
than CD8+HLA-DR− cells. This was true for cells from healthy controls as well as HIV-
infected individuals. Consistent with previous findings [25, 26], the percentages of cycling
CD8+HLA-DR+ cells were higher in HIV+ ≥50 than in HIV+ <50 patients (p=0.003).

CD8+HLA-DR+ T cells are antigen-experienced and have undergone extensive proliferation
in vivo

The CD8+HLA-DR− population is comprised of a mixture of naive and memory cells. In
control individuals, the CD8+HLA-DR− pool of cells is enriched for naive cells (naive:
average 59%, range 37-76%, n=4; memory: average 32%, range 23-41%, n=4)(Supporting
Information Fig.1) while the CD8+HLA-DR+ pool of cells is predominantly memory cells
(average 78%, range 70-88%, n=4). To eliminate the bias derived from different proportions
of naive and memory T cells in the CD8+HLA-DR− cells, we analyzed CD8+HLA-DR−

naive and CD8+HLA-DR-memory cells separately and compared them to the CD8+HLA-
DR+ cells. The naive and memory fractions of CD8+HLA-DR− pool were obtained by
FACS sorting on the basis of CD45RO and CD27. The CD8+HLA-DR−CD45RO−CD27+

and CD8+HLA-DR−CD45RO+CD27+ subsets are hereafter referred to as CD8+HLA-DR−

naive and CD8+HLA-DR− memory cells, respectively. The gating strategy used to obtain
these 3 subsets is shown in Supporting Information Fig.2.

To look for evidence of prior antigen-driven clonal expansion, studies of the TCR repertoire
were performed (Fig.4A). The TCR repertoire of the CD8+HLA-DR+ cells of both control
and HIV-infected individuals contained oligoclonal expansions. The replicative histories of
these peripheral blood CD8+ T cell subsets were characterized by comparing the TREC
contents of the CD8+HLA DR+ cells to that of the CD8+HLA-DR− naive and CD8+HLA-
DR− memory subsets (Fig.4B). The TREC content of the CD8+HLA-DR+ cells was
approximately 2-log lower than that of the CD8+HLA-DR− naive cells (41 versus 15,264
sjTREC copies/106 cells for control; 36 versus 3,139 sjTREC copies/106 cells for HIV+
<50; and 25 versus 4,288 sjTREC copies/106 cells for HIV+ ≥50), indicating that the
CD8+HLA-DR+ cells had previously undergone multiple rounds (approximately 9 divisions)
of clonal expansion in vivo. Overall, there was no statistical difference in the TREC levels
between the CD8+HLA-DR− memory and CD8+HLA-DR+ subsets from either HIV+ <50 or
HIV+ ≥50. The CD8+HLA-DR+ cells from the control subjects had slightly lower TREC
levels than the CD8+HLADR− memory cells (41 versus 262 sjTREC copies/106 cells,
p=0.011).
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Peripheral pool of CD8+HLA-DR+ is enriched for cells actively involved in cell cycle
progression

Although activated cells might be more likely to undergo proliferation, it has been reported
that CD8+HLA-DR+ T cells are at an arrested phase of cell cycle and unable to divide
[22-24]. In order to determine the cell cycle position of CD8+HLA-DR− naive, CD8+HLA-
DR− memory and CD8+HLA-DR+ cells and test the accuracy of those statements,
simultaneous staining with 7-AAD (DNA) and pyronin Y (RNA) was performed (Fig.5).
For studies depicted in Figures 5 and 6, magnetic bead-separation, instead of FACS-sorting,
was used to obtain populations of CD8+HLA-DR− naive, CD8+HLA-DR− memory and
CD8+HLA-DR+ cells. This approach was necessary due to the fact that FACS-sorted cells
are bound with fluorescent-conjugated antibodies that interfere with the detection of the
DNA− and RNA-binding fluorescent dyes (7-AAD and pyronin Y, respectively). The
strategy used to purify CD8+HLA-DR− naive, CD8+HLA-DR-memory and CD8+HLA-DR+

subsets by magnetic beads and the purity of those populations are depicted in Supporting
Information Fig.3. Freshly isolated CD8+HLA-DR− naive cells exhibited a cell cycle profile
typical of that seen in quiescent cells with the majority of cells in G0 (average: 99.4% in
control, n=5; 99.8% in HIV+ <50, n=6; and 99.6% in HIV+ ≥50, n=8) and <0.1% of cells in
S+G2/M of the cell cycle. The CD8+HLA-DR− memory cells were virtually identical to the
CD8+HLA-DR− naive cells. Although the majority of CD8+HLA-DR+ cells were also found
in G0 (average: 94.5% in control; 97.9% in HIV+ <50; and 95.8% in HIV+ ≥50), these cells
also contained a substantial fraction of cells in early G1 (average: 4.6% in control; 1.8% in
HIV+ <50; and 3.1% in HIV+ ≥50) and in S+G2/M (average: 0.9% in control; 0.3% in HIV
+ <50; and 0.9% in HIV+ ≥50). Overall, there were no discernible differences in the cell
cycle profiles of CD8+HLA-DR− naive, CD8+HLA-DR− memory and CD8+HLA-DR+ cells
when comparing the control, HIV+ <50 and HIV+ ≥50 groups. Of note, if anything the ratio
of G1:S was lower in the CD8+HLA-DR+ cells from the HIV+ ≥50 group (median: 3.0,
range: 1.8-5.3) than in the other two populations of subjects (Control group, median: 5.8,
range: 3.0-7.8; and HIV+ <50 group, median: 5.5, range: 2.5-9.5). Therefore, it is unlikely
that cell cycle arrest was induced at this stage of the cell cycle in the CD8+HLA-DR+ cells
as a consequence of HIV-1 infection.

CD8+HLA-DR+ and CD8+HLA-DR− memory cells exhibit similar in vitro proliferative
capacity

When freshly isolated CD8+HLA-DR− naive cells were activated by anti-CD3+CD28 in
vitro, they responded with approximately 50% of cells entering early and late G1 phases of
the cell cycle within 24 hours (Fig.6). At day 2 of stimulation, over 30% of the cells had
divided. CD8+HLA-DR− memory and CD8+HLA-DR+ cells also entered cell cycle
following stimulation with anti-CD3+CD28 stimulation, however, to a lesser extent than
that seen with the CD8+HLA-DR− naive cells. There was little, if any, difference between
the CD8+HLA-DR− memory and the CD8+HLA-DR+ cells to stimulation with anti-
CD3+CD28. Among the three cell subsets examined, the CD8+HLA-DR+ pool suffered the
highest rates of cell death (both spontaneous and activation-induced) in vitro. By the end of
a 3-day culture period, more than half of the CD8+HLA-DR+ cells had died (58% in
medium alone; 51% in anti-CD3+CD28 stimulation); compared to approximately 25% for
the CD8+HLA-DR− naïve (20% in medium alone; 26% following anti-CD3+CD28); and
30% for the CD8+HLA-DR-memory (37% in medium alone; 29% following stimulation).
Similar data were generated in two control subjects (data not shown).

It has been known that in humans, CD45RO+ memory T cells express significantly less
Bcl-2 than CD45RO− naive T cells [27]. It has also been reported that low Bcl-2 expression
in T cells significantly correlates with higher rates of apoptosis in vitro [27]. Thus, it seemed
plausible that pre-existing apoptotic conditions might exist for the CD8+HLA-DR+ cells in
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vivo that might make them more susceptible to cell death in vitro. To examine this
possibility we looked at the expression levels of the anti-apoptotic Bcl-2 and Survivin and
the proapoptotic Bax, Bid and Bim in CD8+HLA-DR− naive/memory cells and
CD8+HLADR+ cells (Fig.7, Supporting Information Fig.4). As expected, the CD8+HLA-
DR+ cells expressed significantly less Bcl-2 than either the CD8+HLA-DR− naive or
CD8+HLA-DR− memory cells. An unexpected finding, however, was that Survivin was
highly expressed in CD8+HLA-DR+ cells compared to either CD8+HLA-DR-naive or
CD8+HLA-DR− memory cells (Fig.7). There were no differences in the levels of expression
of the pro-apoptotic genes: Bax, Bid and Bim among the three cell subsets (Supporting
Information Fig.4). The levels and patterns of Bcl-2 and Surivivin expression were similar
among the cells from healthy control and HIV-infected (both HIV+ <50 and HIV+ ≥50)
subjects.

Taken together, these results indicate that lower levels of Bcl-2 may explain the higher rates
of cell death seen in CD8+HLA-DR+ cells during the in vitro culture. This, however, does
not necessarily mean these cells are also prone to death in vivo and, in fact, the higher levels
of Survivin in these cells suggest that they may in fact have a survival advantage in vivo that
may at least in part explain their increased numbers in states of chronic stimulation such as
HIV-1 infection.

CD8+HLA-DR+ cells express higher levels of positive cell cycle regulators than CD8+HLA-
DR− cells

To gain more insight into the mechanism(s) governing the activation of CD8+HLA-DR+

cells, the expression of 29 genes involved in cell cycle control was examined in FACS-
sorted CD8+HLA-DR− naive, CD8+HLA-DR− memory and CD8+HLA-DR+ cells freshly
isolated from PBMCs of healthy control, HIV+ <50 or HIV+ ≥50 individuals using
quantitative RT-PCR (Fig.8 and Supporting Information Fig.5). A schematic diagram of the
genes examined in the present study is shown in Supporting Information Fig.6.

Overall, levels and patterns of expression of cell cycle regulatory genes in CD8+HLA-DR+

cells were similar among the cells derived from healthy control and HIV-infected
individuals (both HIV+ <50 and HIV+ ≥50)(Fig. 8 and Supporting Information Fig.5).
Marked differences between the CD8+HLA-DR-naive/memory subsets and the CD8+HLA-
DR+ cells were seen in the sets of genes associated with: (1) G1-to-S progression: Cyclin
D3, E2F1 and CDC25A; and (2) G2-to-M progression: Cyclin A2, CDC25C, Cdc2 (CDK1)
and Cyclin B. Consistent with the upregulation of genes involved in the onset of mitosis,
there was also upregulation of two genes involved in formation of the DNA replication
preinitiation complex, Cdc6 and CDT1 [28], in CD8+HLA-DR+ cells compared to the other
two subsets. Members of a family of cyclin-dependent kinase inhibitors play key roles in the
cell cycle control of the G1-to-S phase transition by inhibiting the activities of G1 cyclins/
cyclin-dependent kinases (Supporting Information Fig.6) [29]. Approximately 2-fold
decreases in p27 Kip1 gene expression were seen in CD8+HLA-DR+ cells, compared to
CD8+HLA-DR− naive/memory cells; Conversely, the expression of p16 INK4a gene was
up-regulated approximately 3-13 fold in CD8+HLA-DR+ cells.

To confirm the RT-PCR results of cell cycle gene expression at the protein level,
immunoblot analyses of whole-cell lysates and nuclear extracts from FACS-sorted
CD8+HLA-DR− naive, CD8+HLA-DR− memory and CD8+HLA-DR+ were performed (Fig.
8B). In general, the patterns of protein expression mirrored those of gene expression with
the exceptions of cyclin B1 and CDT1. In the instance of cyclin B1, despite approximately
3-8 fold increases in cyclin B1 mRNA levels, there was a marked reduction in cyclin B1
protein levels in CD8+HLA-DR+ cells compared to the other two subsets. This likely
reflects differences in the rate of degradation of the cyclin B1 protein between the
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CD8+HLA-DR− naive and CD8+HLA-DR+ cells. Similarly, the levels of CDT1 protein
expression did not mirror those of CDT1 mRNA expression. This discordance was seen in
CD8+HLA-DR+ cells as well as CD8+HLA-DR− naive and memory cells. Despite the
elevated levels of p16 mRNA expression in CD8+HLA-DR+ cells (Fig.8A), very little p16
protein was expressed in these cells (Fig.8B). Expression of p16 protein in the CD8+HLA-
DR+ subset was not detected following a 1-min film exposure (Fig.8B) and was only faintly
detectable by an approximately 20-min film exposure (data not shown). This result suggests
that p16 plays very little, if any, role in the cell cycle regulation of CD8+ T cells. Similarly,
we were not able to quantify expression of the CDC25A protein by western blot due to the
presence of non-specific hazy bands around the area where the target protein band was
expected.

Taken together, these results demonstrate that the peripheral pool of CD8+HLADR+ cells is
enriched for cells actively involved in cell cycle progression as opposed to being enriched
for cells on the verge of death. Furthermore, they showed CD8+HLA-DR+ T cells are
qualitatively indistinguishable between HIV-positive and HIV-negative individuals.

Discussion
The present study has precisely described the characteristics of a population of peripheral
blood T cells defined by a surface phenotype of CD8+HLA-DR+CD25−CD69−. These cells
are present in increased numbers in patients with HIV infection and have been implicated as
a reflection of alterations in immunoregulation as a consequence of HIV. These cells appear
to be the result of product of past, as opposed to recent, TCR-engagement and have
undergone multiple rounds of division in vivo compared to their HLA-DR− counterparts.
Despite no evidence of recent T cell receptor engagement, as reflected by a lack of CD25
expression, these CD8+HLA-DR+ cells exhibited higher levels of spontaneous ex vivo BrdU
incorporation; elevated levels of cell cycle regulators involved in G1-to-S progression of the
cell cycle (cyclin D3, E2F1 and CDC25A); elevated levels of cell cycle regulators involved
in G2-to-M progression of the cell cycle (cyclin A2, CDC25C, Cdc2 (CDK1) and cyclin
B1); and increased expression of genes involved in the DNA replication preinitiation
complex (Cdc6 and CDT1) when compared to the populations of CD8+HLA-DR− naive or
CD8+HLA-DR− memory cells. Thus, we conclude that CD8+HLA-DR+ T cells, while
present in higher number in patients with HIV-1 infection, are qualitatively indistinguishable
between HIV-positive and HIV-negative individuals.

It has been reported that CD8+ T cells from HIV-1 infected individuals are at an arrested
phase of cell cycle and unable to divide [22-24]. Increased expression of G1 cyclin-
dependent kinase inhibitors: p16, p21 or p27 are responsible for cell cycle arrest at G1 [29].
In the present study we have examined the levels of p16, p21 and p27 among the
CD8+HLA-DR− naive, CD8+HLA-DR− memory and CD8+HLA-DR+ subsets. Our findings
of: (1) lower levels of p27 protein; (2) slightly higher but almost undetectable levels of p16
protein; and (3) no detectable amount of p21 protein (data not shown) in CD8+HLA-DR+

cells, lead to a conclusion that there is no sign of G1 arrest in the CD8+HLA-DR+ pool of
cells. In addition, CD8+ T cells of HIV-1 infected individuals have been reported to express
higher levels of cyclin B1 protein than CD8+ T cells from healthy controls [30]. In our
analysis, we did not observe any differences in the levels of cyclin B1 protein expression
between subsets of CD8+ T cells from control and HIV-infected individuals. The reason for
the discrepancy is unclear.

Cell cycle arrest and apoptosis are two closely related cell processes. Thus, we also
conducted a series of experiments examining the levels of apoptosis-related genes and
proteins in CD8+ T cell subsets. Through this analyses, we found that while CD8+HLA-DR+
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cells expressed lower amounts of Bcl-2 protein, compared to CD8+HLA-DR− naive and
CD8+HLA-DR− memory cells, they expressed higher levels of the anti-apoptotic protein
Survivin. The lower levels of Bcl-2 likely explain the higher rates of cell death observed
when CD8+HLA-DR+ cells were cultured in vitro. The higher levels of Survivin are
consistent with a cell population in the G2/M phase of the cell cycle [31]. An inverse
relationship, as demonstrated here, between the levels of Bcl-2 and Survivin expression has
been reported [32]. Thus, it seems reasonable to conclude that the decreased amounts of
Bcl-2 in association with increased levels of Survivin in the CD8+HLA-DR+ cells are a
reflection of a dynamic population enriched for mitotic cells rather than a reflection of a
senescent population of cells existing in a pre-apoptotic state.

The underlying mechanism(s) leading to the expansion of CD8+HLA-DR+ T cells in HIV-
infected patients are likely related to the long-term persistence of antigen in a setting of
ongoing inflammation/immune activation with an ongoing immune response that is
ineffective in total antigen elimination. The CD8+HLA-DR+ cells in this regard are not a
dysfunctional group of cells preventing the elimination of HIV-1 but instead doing their best
to control it. The persistence of this active immunologic state is associated with a series of
downstream consequences secondary to persistent inflammation and coagulation as reflected
in elevated plasma levels of inflammatory cytokines and markers of coagulation and
increases in all-cause mortality in those patients with the highest levels of these markers. As
the next wave of therapeutic studies in HIV-1 infection aim to eliminate the residual
reservoirs of virus, one can predict that success in this area will be accompanied by
decreases in the pool of CD8+HLA-DR+ cells.

Methods
Study subjects

The characteristics of the study participants: control (healthy volunteers), aviremic and
viremic HIV-infected individuals are shown in Table 1. All HIV-infected patients were
enrolled in National Institute of Allergy and Infectious Diseases Institutional Review Board-
approved or Washington Hospital Center-approved HIV-1 clinical research protocols.
HIV-1 negative controls were recruited through the NIH Blood Bank.

Isolation of peripheral blood mononuclear cells (PBMC) and separation of CD8+ T cell
subsets

PBMCs were separated by Ficoll-Hypaque centrifugation of leukopheresis packs or 60-100
ml of heparinized blood obtained from study subjects. Purified populations of CD8+HLA-
DR− naive, CD8+HLA-DR− memory and CD8+HLA-DR+ cells were obtained by means of
FACS-sorting with the BD FACSAria II SORP (BD Biosciences) cell sorter as described in
Supporting Information Fig.2. Sort purity was usually >99% for CD8+HLA-DR− naive; in
excess of 90% for CD8+HLADR− memory; and >80% for CD8+HLA-DR+. In some
experiments in which cells needed to be stained with DNA− and RNA-binding fluorescent
dyes (7-AAD and pyronin Y: PY, respectively), magnetic microbead-purified cells were
used in lieu of FACS-sorted cells. In these instances, purified populations of CD8+HLA-
DR-naive, CD8+HLA-DR− memory and CD8+HLA-DR+ cells were obtained from PBMCs
by magnetic microbeads as shown in Supporting Information Fig.3. The magnetic
microbeads used in this study were purchased from Miltenyi and included: CD8+ T cell
isolation Kit (for negative selection of CD8+ T cells, #130-094-156); anti-HLA-DR
MicroBeads (#130-046-101); CD45RO MicroBeads (#130-046-001); and CD27
MicroBeads (#130-051-601). The purities of the separated CD8+HLA-DR− naive,
CD8+HLA-DR− memory and CD8+HLA-DR+ subsets were typically in excess of 80%, 70%
and 80%, respectively. In some experiments, purified CD8+HLA-DR− naive, CD8+HLA-
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DR− memory and CD8+HLA-DR+ cells were cultured in complete medium consisting of
RPMI supplemented with 10% human AB serum (Gemini Bio-Products), 10mM HEPES,
and gentamicin (5 μg/ml) at a cell density of 2×106 cells/ml for up to 3 days with/without
Dynabeads Human T-Activator CD3/CD28 (Invitrogen) at a bead-to-cell ratio of 1:1).

Flow cytometry
The monoclonal antibodies used were: CD3 FITC, allophycocyanin (APC), APCCy7 (SK7)
or Pacific Blue (UCHT1); CD8 peridinin-chlorophyll-protein complex (PerCP)-Cy5.5 or
APC-H7 (SK1); CD45RO PE, PE-Cy7 or APC (UCHL1); CD27 FITC (M-T271); HLA-DR
PerCP-Cy5.5 (L243); CD25 PE (M-T271); and CD38 PE (HB7); CD69 PE (FN50). HLA-
DR PE and APC (LN3) were obtained from eBioscience. The remaining antibodies were
obtained from BD Biosciences. The samples for flow cytometric analyses were collected on
the BD Canto flow cytometer (BD Biosciences) using FACSDiva software (version 6.1.2).
Data were subsequently analyzed using the FlowJo software (version 8.4.1; Tree Star Inc.).

Cytospins and Wright-Giemsa staining
Samples from purified CD8+HLA-DR− and CD8+HLA-DR+ cells were spun onto glass
slides using a cytospin apparatus (Cytospin 2; Thermo Shandon) and stained with the
Wright-Giemasa stain pack (Fisher Scientific) using the Hematek automated stainer
(Siemens). Microphotographics of Wright-Giemsa stained slides were captured at 100×
magnification using a BX50 microscope (Olympus) equipped with a ProgRes C5 camera
(Jenoptik Laser Optic Systeme) and using the ProgRes Capture Pro software v.2.5. (Jenoptik
Laser Optic Systeme).

Cell cycle analysis by simultaneous 7-AAD (DNA)/PY (RNA) staining
Simultaneous DNA/RNA quantification analysis was employed to quantify the fractions of
cells in G0, G1, S, and G2+M phases of cell cycle, as previously described [33] with minor
modifications. Briefly, 1×106 purified CD8+HLA-DR-naive, CD8+HLA-DR− memory or
CD8+HLA-DR+ cells were suspended in 500 μl of nucleic acid staining solution [(NASS)
pH 4.8; 0.1M phosphate-citrate buffer, 5mM Disodium EDTA, 0.15M NaCl, 0.5% BSA and
0.02% saponin] containing 10 μg/ml of 7-amino-actinomycin D (7-AAD) and incubated for
20 min at room temperature. After washing the cells with 1xPBS, they were resuspended in
500 μl of NASS containing 10 μg/ml of Actinomycin D and incubated for 5 min at 4 °C.
Then, cells were then treated with pyronin Y (PY) for RNA staining by the addition of 5 μl
of a 1:10 dilution of the 1 mg/ml PY stock solution for an additional 10 min at 4 °C. All
procedures were protected from light. Simultaneous orange (PY, peak emission at 580 nm,
FL-2) and red (7-AAD, peak emission at 650 nm, FL-3) fluorescence emissions were
recorded with a BD FACS Canto II flow cytometer. The gate was set to remove cell
aggregates and doublets using dot plots of the pulse width vs. the area of the 7-AAD (FL-3)
signal. In addition, a live cell/dead cell discriminating dye (LIVE/DEAD Fixable Far Red
Dead Cell Stain Kit, Invitrogen) was used to discriminate between live and dead cells by
flow cytometry. Only live cells (negative for the Live/Dead dye staining) were used for the
analyses. The fraction of cells in G0, early G1, late G1, and S+G2/M were determined
according to the definitions by Darzynkieeicz et al [34]. According to those definitions, the
G0 phase of the cell cycle is defined as a stage when the cells have a 2N DNA content and
the lowest RNA amount. Cells in early G1 (often referred as the G1a) phase are defined as
cells containing higher levels of RNA than the cells in the G0 phase but less than the cells in
the S phase. The late G1 (G1b) phase is defined as the stage when RNA levels are
equivalent to those seen in the early S phase prior to DNA synthesis (DNA content still at
2N). Cells in the S-phase are defined as cells having a DNA content greater than 2N but less
than 4N and cells in the G2/M phase are defined as having a 4N DNA content.
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TREC and TCR-repertoire analysis
Quantification of T-cell receptor excision circles (TREC) was performed by real-time
quantitative PCR with an ABI9700 HT system as previously described elsewhere [35].
TCR-repertoire analysis was performed as previously described [36]. TCR-repertoire peak
patterns were visualized and analyzed on the ABI PRISM 3130×l Genetic Analyzer
(Applied Biosystems, Foster City, CA).

Ex vivo BrdU or EdU labeling
Ex vivo labeling of proliferating CD8+ T cells was carried out by incubating freshly isolated
PBMCs with BrdU for 4 hour at 37 °C as previously described [37] or with EdU (Click-iT
EdU Flow Cytometry Assay Kit, Invitrogen), according to manufacturer’s protocol. Briefly,
20×106 PBMCs were incubated in 5 ml of complete medium consisting of RPMI
supplemented with human AB serum (Cambrex Corp.), 10mM HEPES, and gentamicin (5
μg/ml) at a cell density of 4×106 cells/ml with 10 μM EdU (Component A) for 4 hours at 37
°C. Cells were fixed (Component D: Click-iT fixative) and permeabilized with Saponin-
based Permeabilization/Wash buffer (Component E). Cells were then resuspended in 500 μl
of Click-iT reaction cocktail (Components G, H, I) and incubated for 30 min in the dark at
room temperature. After washing with the Saponin-based Permeabilization/Wash buffer,
cells were stained with anti-EdU (Alexa-Fluor 488 azide, Invitrogen) for 15 min in the dark
at room temperature. Cell surface staining of the BrdU-labeled cells was then performed
using anti-CD3 (APC), CD8 (PerCP-Cy5.5), HLA-DR (PE) antibodies.

RT-PCR analyses
Total RNA was extracted using the RNeasy Mini Kit (QIAGEN). Synthesis of cDNA and
pre-amplification (10 cycles) of cDNA products were conducted with the TaqMan PreAmp
Master Mix (Applied Biosystems) according to the manufacturer’s protocol. Real-time PCR
was performed using the 7900HT Fast Real-Time PCR System (Applied Biosystems).
TaqMan primer/probe sets used in the study are listed in Supporting Information Table 1.

Western blotting
Whole cell lysates were prepared with RIPA lysis buffer containing 50mM Tris-HCl pH7.5,
150mM NaCl, 1% Nonidet P-40, 0.1% SDS, 0.5% Sodium Deoxycholate supplemented
with protease inhibitor and phosphatase inhibitor cocktails (Pierce) before use. The nuclear
fractions were isolated by using NEPER Nuclear and Cytoplasmic Extraction Reagents
(Pierce). Ten micrograms of protein were loaded per lane, separated on 4-12% NuPAGE
Novex Bis-Tris Gel (Invitrogen), and transferred to a nitrocellulose membrane. The
detection of target proteins was performed with the use of the alkaline phosphatase-based
WesternBreeze Chemiluminescent kit (Invitrogen). Antibodies used in the western blot are
listed in Supporting Information Table 2. After detection of the target proteins, the
membranes were stripped and reprobed with mouse anti-beta-Actin antibody (ab8226;
Abcam) or anti-TFII-I antibody (4562; Cell Signaling) to assess loading equivalency.

Statistical analysis
Statistical analyses were performed with Prism software (version 5.0d, GraphPad Software,
Inc.). Significant differences were determined when comparing two groups by using the
two-tailed unpaired nonparametric Mann-Whitney test.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Analysis of activation markers on CD8+ T cells from HIV-infected patients reveals no
evidence of recent T cell receptor engagement
PBMCs isolated from control (n=14), HIV+ <50 copies/ml (n=17) and HIV+ ≥50 copies/ml
(n=9) individuals were analyzed by 4-color flow cytometry for cell surface expression of
HLA-DR, CD25, CD38 and CD69 activation markers. Percentages of HLA-DR expressing
cells were calculated on CD3+CD8+ T cells in the lymphocyte gate. Percentages of CD25,
CD38 and CD69 expression were calculated separately for CD8+HLA-DR− and CD8+HLA-
DR+ T cell subsets. HLADR depleted CD8+ T cells from healthy control donors that were
stimulated with anti-CD3+CD28 for 24 hours in vitro (n=3) were used as a model for
antigen-activated CD8+ T cells. The proportions of cells expressing HLA-DR, CD25, CD38
or CD69 are indicated by the dark gray regions of the pie charts. Mean + SEM values are
shown. A nonparametric Mann-Whitney test was performed for comparison of the
frequencies of cells expressing the activation markers between different groups.
Representative plots of cell surface expression of CD25, CD38 and CD69 on CD8+HLA-DR
− and CD8+HLA-DR+ T cells are shown in Supporting Information Fig.7. Data are
representative of control (n=14), HIV+ <50 copies/ml (n=17) and HIV+ ≥50 copies/ml
(n=9) individuals.
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Figure 2. Wright-Giemsa staining of CD8+HLA-DR− and CD8+HLA-DR+ T cells
Purified CD8+HLA-DR− and CD8+HLA-DR+ T cells were freshly isolated from PBMCs.
Wright-Giemsa staining pictures of CD8+HLA-DR− T cells cultured in vitro in medium
alone or with anti-CD3+CD28 for 2 days are also shown. Bar = 10 μm. Data are
representative of 3 individuals for each group.
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Figure 3. The CD8+HLA-DR+ pool of cells incorporates higher levels of BrdU (or EdU) than
CD8+HLA-DR− cells
Ex vivo BrdU (or EdU) labeling of PBMCs was performed. The percentages of the
CD8+HLA-DR− and CD8+HLA-DR+ T cells that were positive for BrdU (or EdU) were
determined. Bars indicate median and inter-quartile range (IQR). Statistical significance was
determined by the Mann-Whitey test. The P values represent differences in the fraction of
cells in the S-phase of the cell cycle between CD8+HLA-DR− and CD8+HLA-DR+ subsets.
The results were obtained from control (n=4), HIV+ <50 (n=14) and HIV+ ≥50 (n=9)
individuals.
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Figure 4. TCR repertoire and TREC content of CD8+HLA-DR− naive, CD8+HLA-DR− memory
and CD8+HLA-DR+ cells
(A) The TCR repertoire patterns (Vβ11) are shown. Due to insufficient RNA from each
individual sample, the TCR repertoire analysis was performed only for CD8+HLA-DR− and
CD8+HLA-DR+ cells. The spectratype profiles shown in (A) are representative sets from
control (n=6) and HIV-infected (n=10) individuals. (B) The number of sjTREC/1×106 cells
was determined for FACS-sorted CD8+HLA-DR− naive, CD8+HLA-DR− memory and
CD8+HLA-DR+ T cell subsets. Solid bars indicate median values. The level of statistical
significance was determined by the Mann-Whitey test. DR− and DR+ stand for HLA-DR
negative and HLA-DR positive cells respectively. Na and Me stand for naive and memory
cells respectively. The results were obtained from control (n=9), HIV+ <50 (n=9) and HIV+
≥50 (n=7) individuals.
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Figure 5. The peripheral pool of CD8+HLA-DR+ cells contains more cycling cells than that of
CD8+HLA-DR− naive and memory cells
Cell cycle analysis was performed by flow cytometry using simultaneous staining with 7-
AAD (DNA) and pyronin Y (PY, RNA). Definitions of G0, early G1, late G1, and S+G2/M
phases of the cell cycle are described in the Materials and methods and the diagram on the
right helps identify positions of G0, early G1, late G1 and S+G2/M of the cell cycle. The
values in the plots indicate the percentages of cells in the regions corresponding to G0, early
G1, late G1 and S+G2/M. Representative patterns from 2 different donors are shown for
control (n=5), HIV+ <50 (n=6), and HIV+ ≥ 50 (n=8) groups.
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Figure 6. The proliferative capacity and death rates of CD8+HLA-DR− naive, CD8+HLA-DR−

memory and CD8+HLA-DR+ cells
DNA and RNA content were determined for cells freshly isolated by microbeads (Day 0)
and for cells harvested following 1-3 days of culture with medium alone or in the presence
of anti-CD3+CD28. The regions corresponding to G0, early G1, late G1 and S+G2/M are
the same as those in Figure 5. The percentages of dead cells were determined by flow
cytometry with Live/Dead cell staining dye. Plots shown are from an HIV-infected
individual with HIV-RNA <50 copies/ml representative of 3 such individuals. Gating
strategy used to analyze the cell cycle status is shown in Supporting Information Fig.8.
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Figure 7. Expression of genes associated with cell survival in CD8+HLA-DR-naive, CD8+HLA-
DR− memory and CD8+HLA-DR+ cells
(A) Expression levels of Bcl-2 and Survivin in FACS-sorted CD8+HLA-DR− naive,
CD8+HLA-DR-memory and CD8+HLA-DR+ cells. Mean + SEM values were calculated
using cells from control (n=11), HIV+ <50 (n=9), and HIV+ ≥50 (n=7) individuals. The
level of statistical significance was determined by the Mann-Whitey test. *P<0.001. (B)
Levels of Bcl-2 and Survivin proteins as determined by western blot. Actin was used as a
loading control. Results are representative of 3 independent experiments.
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Figure 8. The CD8+HLA-DR+ pool of cells is enriched for cells actively involved in cell cycle
progression compared with CD8+HLA-DR− naive and memory cells
(A) Expression levels of 11 genes involved in cell cycle control were examined in FACS-
sorted CD8+HLA-DR− naive, CD8+HLA-DR− memory and CD8+HLA-DR+ cells. The
mRNA expression levels were normalized to the value of beta-2 microglobullin (B2M)
expression. Mean + SEM values were calculated using cells from control (n=9), HIV+ <50
(n=10), and HIV+ ≥50 (n=9) individuals. Statistical significance was determined by the
Mann-Whitey test. *P<0.001. Genes that were found to be upregulated in CD8+HLA-DR+

cells compared with CD8+HLA-DR− naive and CD8+HLA-DR− memory cells are shown in
red and those found to be downregulated are in blue. (B) Protein levels of the genes depicted
in (A) as determined by western blot. Cell lysates from FACS-sorted CD8+HLA-DR− naive,
CD8+HLA-DR− memory and CD8+HLA-DR+ cells were used. In order to achieve adequate
levels of proteins, cell lysates cells from 3-4 individuals were pooled (approximately 1
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million cells from each individual). Representative patterns from 3 separate experiments are
shown. Actin and TFII-I were used as loading controls for whole cell lysate and nuclear
fraction, respectively. Images presented are from a 1-minute film exposure.
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Table 1

Characteristics of study participants

Control
HIV−

Aviremic
HIV+

<50 copies/ml

Viremic
HIV+

≥50 copies/ml

n=15 n=19 n=16

Age 51 (33-60) 45 (32-55) 42 (31-48)

CD4+ T cells
(per μl)

n.d. 525
(462-638)

380
(131-606)

CD8+ T cells
(per μl)

n.d. 831
(502-1127)

853
(647-1431)

Plasma HIV-RNA
(copies per ml)

n.a. <50 19,614
(15,047-
131,465)

Median values with IQR in parentheses.

n.d.: Not determined.

n.a.: Not applicable. CD4+ and CD8+ T cell counts for healthy donors at the NIH blood bank are 542 (388-825) and 272 (187-437), respectively
(during 2008-2009).

Eur J Immunol. Author manuscript; available in PMC 2013 November 05.


