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CD8* T cells are critical for effective host defenses against viral
infections. Studies addressing HIV-induced immune responses in
infected individuals have suggested that CD8* T cells play an
important role in controlling viral replication. However, despite an
abundance of HIV-specific CD8* T cells, HIV is not contained in
many untreated patients. Active HIV replication is associated with
numerous immunologic changes, the most notable and consistent
of which is an increase in CD8* T cells expressing CD38. Previous
studies have demonstrated that the expression of CD38 on CD8*
T cells is associated with poor prognostic outcome in infected
individuals with detectable plasma viremia; however, the relation-
ship between the expression of CD38 and the frequency of HIV-
specific CD8*+ T cells is unclear. We demonstrate a correlation
between levels of HIV-specific CD8* T cells and levels of CD8* T
cells expressing CD38 in untreated patients. The distribution of
HIV-specific CD8* T cells was heavily skewed toward CD38+CD8+
T cells in patients with a high percentage of CD38+CD8* T cells.
Spontaneous/Fas-mediated apoptosis in CD38*CD8+ T «cells
was significantly higher in patients with high percentages of
CD38*+CD8* T cells. Our data suggest that a substantial proportion
of the HIV-specific CD8* T cells present in CD38+CD8* T cells in
patients with active viral replication arise by HIV-driven aberrant
immune activation and may not manifest effective cytolytic activity
against infected targets due to a high degree of susceptibility to
apoptosis, thus providing an explanation of why HIV is not suc-
cessfully contained by CD8* T cells in such individuals.

D8* T cell-mediated immune responses play an important

role in host defenses against viral infections. Previous studies
of immune responses in HI V-infected individuals have suggested
that CD8" T cells play an important role in controlling viral
replication, as evidenced by the emergence of HIV-specific
CD8* cytotoxic T lymphocyte (CTL) activity coinciding with a
decline in plasma viremia during primary infection (1, 2) and a
diminution of CTL responses preceding disease progression in
infected individuals (3, 4). With the recent advent of highly
sensitive immunologic assays (5-8), significant progress has been
made in understanding the role of HIV-specific CD8" T cells in
the pathogenesis of HIV infection. However, recent studies
addressing the relationship between the frequency of HIV-
specific CD8" T cells and the levels of plasma viremia have
yielded conflicting results (8-10). One study that used HLA-
tetrameric complexes that recognize CD8* T cells bearing
certain T cell receptors has shown an inverse relationship
between the frequency of tetramer-positive CD8™" T cells and the
level of plasma viremia in infected individuals (9). However,
subsequent studies that have examined the capacity of CD8* T
cells to express intracellular IFN-vy in response to a broad range
of HIV antigens have shown that a large proportion of infected
individuals harbor significant numbers of HIV-specific CD8* T
cells and yet fail to effectively control viral replication, as
manifested by high levels of plasma viremia (8, 10).
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The deleterious effects of active viral replication on immu-
nologic functions of various subsets of lymphocytes in HIV-
infected individuals have been well documented (11-16). Among
those, expression of CD38, a surface antigen with multiple
functions on CD8" T cells (17), has been well accepted as a
prognostic marker for disease progression in infected individuals
who do not control viral replication (18, 19). In addition, it has
been speculated that an increase of CD8* T cells expressing
CD38 is a reflection of HIV-mediated immune activation and
that these cells are ultimately unable to control viral replication
or prevent disease progression (18). The present study was
conducted to gain further insight into the pathophysiologic
relationship between HIV-specific CD8* T cells and CD38
expression that results from HI'V-driven aberrant immune acti-
vation in patients who are not receiving antiviral therapy and to
provide a feasible explanation of why HIV is not successfully
contained by HIV-specific CD8* T cells in such individuals.

Materials and Methods

Study Subjects. Forty-two HIV-1-infected individuals who were
not receiving antiviral therapy were studied. The mean CD4"
and CD8" T cell counts and median plasma viremia were 502
cells per mm? (range, 140-1,190), 1,096 cells per mm? (range,
390-2,630), and 11,815 copies of HIV RNA per ml of plasma
(range, from <50 to 750,000), respectively. Plasma viremia was
determined by either RT-PCR (Roche) or ultrasensitive bDNA
assay (Chiron) with the lower limit of detection of 50 copies of
HIV RNA per ml of plasma. Leukapheresis was conducted in
accordance with protocols approved by the Institutional Review
Board of the University of Toronto and the National Institute of
Allergy and Infectious Diseases, National Institutes of Health.

Stimulation of CD8* T Cells and Flow Cytometric Analysis of HIV-
Specific CD8™ T Cells. Peripheral blood mononuclear cells (PBMC)
were obtained from leukapheresis by Ficoll-Hypaque density
gradient centrifugation. The frequency of CD8* T cells specific
for HIV was determined by analysis of intracellular IFN-vy-
positive cells after stimulation with HIV-1-specific peptides
(15-mers overlapping 10 aa). Pools of overlapping peptides
spanning HIV-1 Gag, Pol, Env, Nef, Tat, Rev, Vpr, Vif, and Vpu
proteins (1 ug each, National Institutes of Health AIDS Reagent
Program) and cytomegalovirus (CMV) pp65 protein (BD
Pharmingen) were initially incubated with 3 X 10° PBMCs for 10
min in round-bottom 5-ml tubes (BD Biosciences) in the pres-
ence of 1 ug of anti-CD28 and CD49d antibody in 0.1 ml of
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complete medium in a 37°C CO; incubator. Subsequently, 0.4 ml
of complete medium was added to the tube, and the contents
were incubated for 2 hours. After the 2-hour incubation, brefel-
din A (Sigma) was added to the medium at a final concentration
of 10 ug/ml to inhibit secretion of IFN-y. After 6 h of incubation,
the cells were washed twice and fixed with 1X fixing solution
(BD Biosciences) for 10 min at room temperature followed by
another washing. Cells were permeabilized with 1X Permeabi-
lization Solution 2 (BD Biosciences) and further incubated at
room temperature for 10 min. After washing, cells were stained
with the following antibodies: FITC-conjugated anti-CD8 (BD
Biosciences), phycoerythrin-conjugated anti-IFN-y (BD Pharm-
ingen), Cy5-conjugated anti-CD38 (Beckman Coulter), and al-
lophycocyanin-conjugated anti-CD3 antibodies (BD Bio-
sciences). With a gate set on CD3*CD8" lymphocytes, ~100,000
events were collected by using FACSCalibur (BD Biosciences),
and the frequency of IFN-y" cells within the CD3*/CD8*/
CD38~ and CD3"/CD8*/CD38" population was determined
by using CELLQUEST software (BD Biosciences).

Apoptosis Assays. Freshly isolated CD8* T cells were incubated
at 37°C overnight with complete medium in the presence or
absence of FLAG-tagged Fas ligand (Kamiya Biomedical,
Thousand Oaks, CA). Cells were collected, washed, and
stained with phycoerythrin-conjugated anti-CD95 (BD Bio-
sciences) and Cy5-conjugated anti-CD38 (Beckman Coulter)
antibodies. After incubation and washing, the cells were
resuspended in annexin V binding buffer (BD Pharmingen)
and stained with FITC-labeled annexin V according to man-
ufacturer’s specifications (BD Pharmingen). Stained cells were
analyzed by using FACSCalibur (BD Biosciences), and the
frequency of annexin V-positive cells within the CD38~CD8*
and CD38"CD8" population (in some experiments, CD95 was
included in fluorescence-activated cell sorter analysis) was
determined by using CELLQUEST (BD Biosciences) and
FLOWJO (Tree Star, Ashland, OR) software.

Statistical Analysis. The correlation between variables was deter-
mined by Spearman rank correlation. Medians and distributions
of the two independent groups defined by levels of CD38+*CD8*
T cells and plasma viremia, levels of CD38*CD8" T cells and
degrees of apoptosis, and levels of CD38*CD8" T cells and
CD95 expression were compared by the Wilcoxon two-sample
test. The Bonferroni method was used to adjust P values for
multiple testing.

Results

Relationship Between CD38 Expression on CD8* T Cells and Plasma
Viremia. We first sought to establish the relationship between
the proportion of CD8* T cells expressing CD38 and the level
of plasma viremia in 42 HIV-1-infected individuals (including
a number of long-term non-progressors) who were not receiv-
ing any antiretroviral therapy at the time of study (Table 1). A
strong positive correlation was observed between these two
parameters (Fig. 1; P < 0.001), suggesting that active HIV
replication has a profound impact on the expression of CD38
on CD8" T cells.

Relationship Between the Frequency of HIV-Specific CD8* T Cells and
Plasma Viremia and the Frequency of HIV-Specific CD8* T Cells and
Levels of CD38. To determine the relationship between HIV-
specific CD8" T cells and CD8" T cells expressing CD38 in
infected individuals, we determined the proportion of cells
expressing intracellular IFN-y using 15-mer overlapping pep-
tides spanning the entire HI'V genome and, as a control, pp65
protein from CMYV strain AD169 (BD Pharmingen). Upon
antigenic stimulation of peripheral blood mononuclear cells
for a short (6-h) incubation, the frequency of CD8" T cells
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Table 1. Profiles of HIV-1-infected patients

Plasma viremia* CD4* T cell CD8* Tcell CD38* CD8*
Patient (copies/ml) count per ul  count per pl T cells, %
1 125 1,190 1,163 12.6
2 <50 640 740 13.3
3 <50 140 1,080 14.7
4 <50 780 390 15.4
5 1,673 484 1,169 22.2
6 72 740 620 24.1
7 <50 840 610 25.3
8 4,336 440 610 26.3
9 2,778 1,000 1,580 26.9
10 253 474 428 29.0
11 2,635 509 1,066 30.9
12 3,771 587 747 34.8
13 30,707 517 749 40.1
14 39,595 280 1,190 51.0
15 437 704 737 51.5
16 495 1,140 670 52.5
17 74,477 586 422 55.0
18 8,045 548 890 55.1
19 9,282 640 2,120 56.4
20 750,000 214 1,242 57.4
21 523 449 881 57.5
22 15,049 746 2,344 58.9
23 4,495 918 1,232 60.6
24 5,875 480 2,020 60.6
25 44,122 460 740 60.8
26 17,361 340 2,630 62.5
27 94,973 214 1,960 64.2
28 100,000 230 960 64.4
29 7,731 507 1,213 67.3
30 47,719 290 1,480 68.5
31 13,130 210 740 68.7
32 10,500 571 710 69.4
33 175,956 280 1,110 70.4
34 52,178 500 790 711
35 44,846 280 500 71.5
36 42,812 541 1,271 72.5
37 113,067 571 2,319 73.0
38 40,260 295 1,198 73.2
39 105,497 180 1,290 74.9
40 20,220 210 840 75.0
a1 88,592 200 1,110 75.8
42 91,561 149 456 78.1

*Measured by Amplicor or ultracensitive bDNA assay with a detection limit of
50 copies per ml of plasma.

expressing intracellular IFN-vy (referred to as HIV-specific
CDS8* T cells hereafter) was determined by four-color flow
cytometric analysis. Two separate gates were used to deter-
mine the frequency of HIV-specific CD8* T cells within the
CD3*%/CD8%/CD38 and CD3*/CD8"/CD38* populations
of cells. Previous studies examining the role of CD8* T
cell-mediated antiviral immunity in HI'V infection have mainly
focused on the relationship between the frequency of HIV-
specific CD8* T cells and plasma viremia (8, 9). To investigate
whether the level of CD38"CD8" T cells can be correlated
with the level of HI'V-specific CD8* T cells in infected patients
with high plasma viremia, the relationship between total
HIV-specific CD8* T cells and the level of CD38*CD8* T
cells and between total HI V-specific CD8™ T cells and plasma
viremia were determined. As shown in Fig. 2, a more signif-
icant correlation was found between total HI'V-specific CD8*
T cells and the level of CD38*CD8* T cells (Fig. 24) than
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Fig. 1. Correlation between plasma viremia and levels of CD8" T cells
expressing CD38. The level of CD38 expression was determined by flow
cytometry by measuring the expression of CD38 on CD3*CD8* T lymphocytes.
The P value was determined by the Spearman rank correlation.

between total HI'V-specific CD8* T cells and plasma viremia
(Fig. 2B), suggesting that the percentage of CD8* T cells
expressing CD38, along with plasma viremia, can be used as a
marker for predicting the level of HI'V-specific CD8* T cells
in infected patients in the absence of antiviral therapy.

Distribution of HIV-Specific CD8+ T Cells in CD38-CD8* and
CD38+CD8* T Cells. To examine the distribution of HI V-specific
CDS8™" T cells within CD38 CD8" and CD38"CD8* T cells, we
first divided the study subjects into two groups, a low-CD38
group (median, 30.9%; range, 12.6-57.5) and a high-CD38
grou[ (median, 69.4%; range, 58.9-78.1), based on the median
value of CD8* T cells expressing CD38 in all patients (58.2%).
Fig. 3 shows representative data from two patients in the
low-CD38 group (Fig. 34) and two patients in the high-CD38
group (Fig. 3B). HIV-specific CD8" T cells were found to be
distributed relatively evenly in both populations of CD8" T
cells in the low-CD38 group. In contrast, the distribution of
HIV-specific CD8* T cells was heavily skewed toward the
CD38"CD8" T cells in the high-CD38 group. When the ratios
of CD38*CD8" to CD38 CD8* HIV-specific CD8* T cells of
all study subjects were stratified based on the low- and
high-CD38 groups, a significantly skewed distribution of HI'V-
specific CD8" T cells in the CD38*CD8* T cell population was
observed in the high-CD38 group (Fig. 3C; P = 0.002). These
results suggest that the majority of HIV-specific CD8* T cells
localize within the CD38"CD8* T cell population in infected
individuals with active viral replication and suggest that HI'V-
specific CD8* T cells expressing CD38 may be poor antiviral
effectors. In addition, the presence of HIV-specific CD8" T
cells within the CD38 CD8™ T cell population may play a key
role in containment of viral replication in infected individuals
with low levels of CD38*CD8* T cells.

Relationship Between HIV- and CMV-Specific CD8* T Cells and CD38
Expression. To further delineate the relationship between HIV-
specific CD8* T cells and CD38 expression, the correlation
between the frequency of HIV-specific CD8" T cells within the
subset of CD38"CD8™" T cells and the levels of CD8* T cells
expressing CD38 was determined. In addition, similar experi-
ments were conducted by using CMV peptides to address
whether HI'V-induced aberrant immune activation has any im-
pact on antigen-specific CD8* T cells other than HIV-specific
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Fig. 2. Correlation between the frequency of HIV-specific CD8" T cells and
the level of CD8* T cells expressing CD38 (A) and the frequency of HIV-specific
CD8* T cells and plasma viremia (B). The total frequency of HIV-specific
CD8* T cells was determined by combining the percentage of CD8" T cells
expressing intracellular IFN-yin both CD38-CD8* and CD38"CD8" T cellsupon
antigen stimulation. The P values were determined by the Spearman rank
correlation.

CD8" T cells. As shown in Fig. 44, a statistically significant
correlation was observed between the frequency of HI V-specific
CD8™ T cells within the CD38*CD8™" T cell subset and the level
of CD38*CD8™" T cells (r = 0.48 and P = 0.003), but not between
the frequency of CMV-specific CD8* T cells within the
CD38*CD8* T cell subset and the level of CD38*CD8" T cells
(r = 0.17 and P > 0.5). These results demonstrate that the high
levels of HIV-specific CD8™ T cells in infected individuals with
active viral replication are found in a functionally abnormal
subpopulation of CD8" T cells, i.e., CD38*CD8* T cells. In
addition, the lack of correlation between CMV-specific CD8*
T cells and the level of CD38*CD8* T cells suggest that
the above observation is due mainly to direct and/or indirect
consequences of HI'V-mediated aberrant immune activation in
infected individuals.

Relationship Between Levels of Spontaneous and Fas-Mediated Apo-
ptosis and Levels of CD38 Expression on CD8+ T Cells. To delineate
possible explanations for the lack of containment of viral
replication despite an abundance of HIV-specific CD8" T cells
in the CD38*CD8" T cell compartment of infected individuals
whose CD8* T cells expressed a high level of CD38, we
determined the levels of spontaneous and Fas-mediated apo-
ptosis in CD38~CD8" and CD38"CD8* T cells using additional
patients. Freshly isolated CD8" T cells were incubated overnight

Chun et al.
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Fig.3. Distribution of HIV-specific CD8" T cells in subsets of CD38-CD8" and
CD38"CD8" T cells. The frequency of HIV-specific CD8" T cells was determined
in the subsets of CD38 CD8* and CD38"CD8* T cells. The data from two
representative patients in the low-CD38 group (A) and two representative
patients in the high-CD38 group (B) are shown. The ratios of CD38"CD8" to
CD38 CD8* HIV-specific CD8" T cells were stratified by the low-CD38 and
high-CD38 groups of patients (C). The median of HIV-specific CD8" T cells is
shown as a black bar in each patient group.

in the presence or absence of Fas ligand, and the levels of
apoptosis in CD38"CD8" and CD38"CD8" T cells were de-
termined (Fig. 54 and B). The levels of spontaneous apoptosis
in the CD38 CD8" T cell population were not significantly
different between the low-CD38 group (median, 11.0%; range,
0.9-43.2) and the high-CD38 group (median, 22.5%; range,
7.7-44.0) (P = 0.15; data not shown). However, the levels of
spontaneous apoptosis were significantly higher in
CD38*CD8" T cells of the high-CD38 group (median, 40.8%;
range, 20.5-68.2) relative to those of the low-CD38 group
(median, 17.0%; range, 4.2-62.1) of infected individuals (P =
0.02) (Fig. 5C). When Fas ligand was added to the CD8* T cell
culture, no statistical difference was observed in the
CD38 CD8" T cell population between two patient groups
(P > 0.5; data not shown); however, the levels of Fas-mediated
apoptosis were significantly higher in CD38"CD8" T cells of
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Fig.4. Correlation between the frequency of HIV- and CMV-specific CD8" T
cells within the population of CD38*CD8" T cells and the level of CD8"
T cells expressing CD38. (A) The correlation between the frequency of HIV-
specificCD8* T cells within CD38+CD8™ T cells and the level of CD38 expression
on CD8* T cells were determined. (B) The correlation between the frequency
of CMV-specific CD8* T cells within CD38+*CD8™" T cells and the level of CD38
expression on CD8" T cells were determined. The Pvalues were determined by
the Spearman rank correlation.

the high-CD38 group (median, 75.3%; range, 61.2-91.0) com-
pared with those of the low-CD38 group (median, 40.1%;
range, 17.0-83.9) (P < 0.01) of patients (Fig. 5C). The
enhanced levels of apoptosis were associated with up-
regulation of CD95 on CD38*CD8* T cells in the high-CD38
group (median, 81.5%; range, 62.8-90.8) relative to those of
the low-CD38 group (median, 57.6%; range, 28.2-91.2) of
patients (P = 0.03). Indeed, the highest levels of apoptosis
were observed in the subset of CD38*CD95"CD8" T cells
(data not shown). A significant correlation was observed
between the levels of CD95 expression and the degrees of
apoptosis in the CD38"CD8* T compartment of both the
low-CD38 group (r = 0.86 and P < 0.001) and the high-CD38
group (r = 0.74 and P < 0.01). These results suggest that the
substantial proportion of CD8* T cells expressing CD38 is
highly susceptible to spontaneous and Fas-mediated (as a
consequence of up-regulation of CD95) apoptosis, resulting in
a population of cells that has a poor antiviral effector function
despite the presence of high levels of HIV-specific CD8* T
cells.

Discussion

Recent developments in immunologic assays that accurately
and specifically measure T cell responses against various
antigens (5-8) have significantly advanced our understanding
of the pathogenesis of HIV, particularly the role of CD8* T
cells in viral infection. Using an assay that measures CD8" T
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Fig. 5.

Relationship between degrees of spontaneous and Fas-mediated apoptosis and levels of CD38 expression in CD8" T cells. The degree of apoptosis in

CD38-CD8* and CD38"CD8* T cells from representative patients from the low-CD38 group (A) and the high-CD38 group (B). The frequency of cells undergoing
spontaneous and Fas-mediated apoptosis was determined in the CD38"CD8" T cell compartment in each group of patients (C). The levels of CD38*CD8" T cells

expressing CD95 were also determined (D).

cell responses against a broad range of HIV-derived peptides
that eliminates the HLA-haplotype requirement of an antigen-
presenting cell, we have examined the relationship between
HIV-specific CD8" T cell responses and the level of CD8* T
cells that express CD38. One of the most prominent features
of HIV infection is chronic elevation of the level of CD8" T
cells in infected individuals with high levels of viremia (12).
Among the many immunologic surface markers expressed on
CD8* T cells, the presence of CD38 has consistently been
shown to be associated with disease progression in HIV
infection, and its expression has been speculated to be directly
associated with HI'V-mediated immune activation that renders
such CD8* T cells unable to control viral replication or
prevent disease progression (18, 19). Given recent controver-
sies regarding the association between the frequency of HIV-
specific CD8* T cells and plasma viremia (8-10), we addressed
the above issue in 42 HIV-infected individuals, who were not
receiving antiviral therapy, by incorporating the level of CD38
expression on CD8" T cells in our analyses. We found a
significant correlation between the frequency of HIV-specific
CD8* T cells and the level of CD38+*CD8" T cells in infected
individuals we examined. We observed a significantly
skewed distribution of HIV-specific CD8" T cells in the
population of CD38*CD8" T cells in those individuals har-
boring a high frequency of CD8" T cells expressing CD38. The
strongest correlation was found between the level of HIV-
specific CD8* T cells within the CD38*CD8* T cell popula-
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tion and the proportion of CD8" T cells expressing CD38; this
correlation was not observed in the case of CMV-specific
CDS8* T cells.

In an effort to delineate the possible defect in CD38*CD8"
T cells of the high-CD38 group of patients, we investigated the
role of spontaneous and Fas-mediated apoptosis in this pop-
ulation of cells. It has been proposed that apoptosis plays an
important role in the pathogenesis of HIV infection and is a
possible cause of the loss of CD4™" T cells in infected individ-
uals (20). Several studies have demonstrated enhanced levels
of spontaneous and/or Fas-mediated cell death in a number of
subsets of lymphocytes (21-25), including HI'V-specific CD8*
T cells of HIV-infected individuals (26). In particular, one
study has reported that HIV-specific CD8" T cells are more
prone to CD95/Fas-induced apoptosis compared with CMV-
specific CD8" T cells in some infected individuals (26). Our
present study provides a mechanistic explanation for this
observation by demonstrating that a substantial proportion of
CD8* T cells expressing CD38 in infected individuals with
active viral replication are susceptible to spontaneous and
Fas-mediated cell death. Considering that the bulk of HIV-
specific CD8* T cells resides within the CD38*CD8" T cells
of infected individuals and that these cells are prone to
apoptosis (26), our findings add yet another possible expla-
nation for the apparent failure of containment of HIV in
certain infected individuals. In this regard, increased levels of
CD38 expression and susceptibility to spontaneous and CD95/

Chun et al.
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Fas-mediated apoptosis in CD8* T cells of infected individuals
with active viral replication may seriously compromise the
effectiveness of HIV-specific CD8" T cells in eliminating
productively infected target cells. Future studies addressing
possible causes of spontaneous apoptosis and the mechanism
by which CD38*CD8* T cells up-regulate CD95 expression
along with strategies aimed at preventing HIV-induced im-
mune activation should improve our understanding of the
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