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Although human immunodeficiency virus (HIV)-infected subjects without AIDS have a high frequency of
HIV-specific CD8 T lymphocytes, cellular immunity is unable to control infection. Freshly isolated lymphocytes
often do not lyse HIV-infected targets in 4-h cytotoxicity assays. A large fraction of circulating CD8 T cells from
HIV-infected donors down-modulate CD3z, the signaling component of the T-cell receptor complex, which is
reexpressed in vitro coincident with the return of cytotoxic function. To investigate further the link between
CD3z down-modulation and possible CD8 T-cell functional defects, we used flow cytometry to characterize
further the properties of the CD3z-down-modulated subset. HIV-specific CD8 T cells, identified by tetramer
staining, are CD3z2. CD8 T cells with down-modulated CD3z also do not express the key costimulatory
receptor CD28 and have the cell surface phenotype of activated or memory T cells (HLA-DR1 CD62L2). After
T-cell activation, CD3z-down-modulated cells express the activation marker CD69 but not the high-affinity
interleukin 2 (IL-2) receptor a-chain CD25 and produce gamma interferon but not IL-2. Therefore HIV-
specific CD8 T cells have down-modulated key signaling molecules for T-cell activation and costimulation and
require exogenous cytokine stimulation. The typical impairment of HIV-specific CD4 T helper cells, which
would normally provide specific CD8 T-cell stimulation, means that in vivo CTL function in vivo is compro-
mised in most HIV-infected individuals. In AIDS patients, the functional defect is more severe, since CD3z is
not reexpressed even after IL-2 exposure.

During the asymptomatic phase of human immunodefi-
ciency virus (HIV) infection there is a high frequency of cir-
culating virus-specific CD8 T cells (17, 26). As many as 1 in 100
circulating CD8 T cells are specific for a single HIV peptide
epitope in untreated patients (1, 37). The frequency of HIV-
infected CD4 cells in either untreated patients or patients
given highly active antiretroviral therapy (HAART) is gener-
ally many orders of magnitude lower. Even though the fre-
quency of HIV-specific CD8 T cells falls as the viral load drops
with treatment (40), there are still probably many more anti-
viral CD8 T cells than potential HIV-infected targets in pa-
tients who do not have AIDS (24). Nevertheless, effective
immunosurveillance against HIV does not usually develop
even after months of viral suppression with HAART; when
antiviral drugs are withdrawn, HIV levels generally rebound
(38). The following question then arises: why don’t antiviral
cytotoxic T lymphocytes (CTL) provide better protection?
There are some recent clues to help answer this question.
Many viruses have devised strategies to evade an immune
response (42). During latent infection, viral proteins are not
expressed and therefore latently infected cells are hidden from
immune surveillance. Recent reports indicate that HIV Nef
induces down-modulation of major histocompatibility complex
class I molecules from the surface of the infected cell (8, 50).

This is sufficient to inhibit recognition of HIV-infected cells by
some, but not all, CTL (8, 51, 52, 59).

Although part of the reason for the lack of effective immune
surveillance may stem from defects in antigen presentation of
HIV-infected cells, we have also provided evidence that CD8
cytotoxic T-cell function is compromised in HIV infection.
When freshly isolated blood mononuclear cells from HIV-
infected donors who have not progressed to symptomatic dis-
ease are tested in short-term (4-h) cytotoxicity assays, they
generally are unable to lyse HIV-infected targets at levels
much above background (58). High levels of antiviral cytotox-
icity develop in peripheral blood mononuclear cells (PBMC)
from less-advanced patients in vitro; however, this occurs after
overnight culture in an interleukin 2 (IL-2)-dependent man-
ner. This suggests that circulating HIV-specific CD8 T cells
may be partially anergic and may be unable to eliminate HIV-
infected targets in vivo, especially in the setting of lacking or
functionally impaired HIV-specific helper CD4 T cells (41, 46),
which would normally provide IL-2 or other cytokines and
possibly other forms of help that require cell-cell contact.

The molecular basis and etiology of the lack of cytotoxicity
by freshly isolated cells are not certain (23, 55). A large frac-
tion of circulating CD8 T cells in HIV-infected donors are
already activated, as evidenced by high levels of expression of
CD38, HLA-DR, and CD57 and the cytolytic serine esterase
granzyme A (9, 14, 16, 45, 58, 60). Moreover, there is a good
correlation in circulating CD8 T cells (but not in lymph node T
cells [2]) between granzyme A and perforin expression (L. W.
Kam and J. Lieberman, unpublished data). Therefore, it seems
likely that they are armed for cytolysis.

In HIV infection, there is an increased proportion of acti-
vated/memory T cells that do not express CD28 (19, 28, 48, 62).
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HIV-specific cytotoxicity is mediated by the CD282 CD8 T-cell
subpopulation (10, 62, 64). After activation by T-cell receptor
(TCR) engagement, CD282 CD8 T cells in HIV-infected sub-
jects produce gamma interferon (IFN-g) but not IL-2 and have
reduced proliferative capacity (5, 23, 28, 53). This suggests that
CD282 CD8 T cells are terminally differentiated effector CTL.

Anomalies of T-cell signaling after activation in CD8 T cells
from HIV-infected donors have been described (4, 23, 54, 58,
61). In fact, a large fraction of CD8 T cells in HIV-infected
donors have down-modulated cell surface expression of CD3z,
the key proximal signaling chain of the TCR (54, 58). CD3z
expression decreases early in infection and correlates with de-
clining CD4 counts and disease stage (13, 58). In less-advanced
patients, CD8 T-cell CD3z expression increases in vitro after 6
to 8 h of culture in an IL-2-dependent manner, coincident with
detection of HIV-specific cytotoxicity, which is also IL-2 de-
pendent. A similar constellation of lack of antigen-specific
cytotoxicity, signaling anomalies, and CD3z down-modulation
has been described for tumor-infiltrating lymphocytes in mouse
tumor models and human solid tumors, in circulating CD8 T cells
in human lymphoma patients, in the blood of patients with
systemic lupus erythematosis, and in the inflamed joints in
rheumatoid arthritis (11, 27, 29, 35, 36). Signaling defects of
lymphocytes from Hodgkin’s disease and lymphoma patients
have also been linked to abnormally low expression of CD3z
(33, 43).

The aim of this study was to explore the phenotypic and
functional properties of CD8 T cells with down-modulated
CD3z. We found that HIV-specific CD8 T cells that stain with
HIV epitope tetramers have down-modulated both CD3z and
CD28. Upon activation, cells with decreased expression of
CD3z and CD28 do not express CD25 and produce IFN-g but
not IL-2. We also found that the small proportion of CD8 T
cells in healthy donors with down-modulated CD3z and CD28
behave similarly upon T-cell activation. Therefore, the down-
modulation of these key T-cell activation receptors may be part
of the normal regulation of CD8 T cells. However, whereas
antigen-specific CD4 T cells that secrete IL-2 should be able to
restore CD3z expression and cytotoxic function to antigen-
specific CD8 T cells in vivo at the site of infection in healthy
individuals, the paucity of HIV-specific CD4 T-cell help in
HIV-infected individuals may be a barrier to effective cytotoxic
function in vivo. Moreover, HIV-infected donors with symp-
tomatic disease or AIDS have a more profound defect in CD3z
expression. In advanced subjects, not only is the proportion of
CD3z2 CD8 T cells greater, but IL-2-induced up-regulation of
CD3z is also impaired.

MATERIALS AND METHODS

Subjects. Subjects were healthy volunteers and HIV type 1 (HIV-1)-seropos-
itive patients at various disease stages (6) (Table 1). This study was approved by
the Brigham and Women’s Hospital and the Center for Blood Research insti-
tutional review boards, and informed consent was obtained from each subject.
Samples were either freshly obtained or were cryopreserved using a programmed
cell freezer (model 9000; Gordinier, Roseville, Mich.). Flow cytometry results
obtained from thawed cells were comparable to those from freshly isolated cells
in two samples studied.

Flow cytometry. For external staining, freshly isolated PBMC (2 3 105 to 10 3
105/tube) in 50 ml of fluorescence-activated cell sorter (FACS) buffer (phos-
phate-buffered saline with 2% fetal calf serum and 0.02% NaN3) were stained
with 2 ml each of mixtures of the following antibodies: CD4-Cy-Chrome (mono-
clonal antibody [MAb] RPA-T4; Pharmingen, San Diego, Calif.), CD8-phyco-
erythrin (PE) (MAb B9.11; Immunotech, Westbrook, Maine), CD8-Cy5 (MAb
B9.11; Immunotech), CD20-PE (MAb B9E9; Immunotech), CD3-Cy5 (MAb
UCHT1; Immunotech), CD28-PE (MAb CD28.2; Immunotech), HLA-DR–PE
(MAb 357; Immunotech), CD38-PE (MAb T16; Immunotech), CD57-PE (MAb
NC1; Immunotech), and immunoglobulin G-fluorescein isothiocyanate (FITC),
-PE, and -Cy5 isotype-matched controls (Immunotech). After incubation for 15
min at 4°C, washed cells were permeabilized using the Caltag Laboratories

(Burlingame, Calif.) Fix and Perm kit according to the manufacturer’s protocol
and stained for 15 min at room temperature with 1 ml of CD3z-FITC (MAb
6B10.2; Santa Cruz Biotechnology, Santa Cruz, Calif.). Washed cells in FACS
buffer plus 2% formaldehyde were analyzed on a tightly gated lymphocyte pop-
ulation using FACscalibur (Becton Dickinson). Gates for external markers were
defined by requiring that ,1% of the control antibody-stained cells be positive.
Gates for internal markers were determined using CD20-staining cells as an
internal negative control. Direct staining for CD3z was used to facilitate costain-
ing for cell surface markers. The mean fluorescence intensity (MFI) for CD3z
staining with FITC-conjugated antibody is significantly less than that obtained
with indirect staining; however, it is possible, as previously described (58), to set
the CD3z gates using CD201 B cells as internal negative controls. When data
were analyzed for median fluorescence intensity, results did not differ by more
than 1 from values obtained for means.

Tetramer staining. Bir A-modified HLA-A2 heavy chain and b2 microglobulin
were synthesized and purified from plasmids (obtained from M. Davis and D. C.
Wiley, respectively) and refolded with an A2-restricted HIV Gag epitope peptide
(SLYNTVATL) (39) or an A2-restricted reverse transcriptase (RT) epitope
(YTAFTIPSI) (51) to produce tetramers as described previously (1). For tet-
ramer staining, 2 3 106 PBMC from A2-expressing seropositive subjects were
resuspended in 500 ml of FACS buffer and stained with 0.5 mg of streptavidin-
PE-conjugated tetramer/ml for 40 min at 4°C. Cells were then washed, stained,
and analyzed for FITC-CD3z or FITC-CD28 and CD8-Cy5 as described above.

Analysis of apoptosis by TUNEL assay. Cells were resuspended in 50 ml of
Hanks balanced salt solution (HBSS), stained for Cy5-CD8, washed, and fixed
and permeabilized and resuspended in 25 ml of terminal deoxynucleotidyltrans-
ferase-mediated dUTP-biotin nick end labeling (TUNEL) label and 2.5 ml of
TUNEL enzyme (Boehringer Mannheim, Philadelphia, Pa.). The negative con-
trol for nonspecific staining was cells incubated with TUNEL label without
TUNEL enzyme. Positive controls for apoptosis included overnight stimulation
with 1 ng of phorbol 12-myristate 13-acetate (PMA) and 250 ng of A23187
(Sigma, St. Louis, Mo.)/ml. Cells were incubated at 37°C in the dark for 1 h
before being washed with 5 ml of HBSS and resuspended in 50 ml of FACS buffer
with 1% formaldehyde. Samples were analyzed by flow cytometry on the FAC-
scalibur (Becton Dickinson) within 24 h.

T-cell activation. PBMC were stimulated with 1 ng of anti-CD3 MAb
(12F6)/ml with and without anti-CD28 MAb L293 (0.5 mg/ml; Becton Dickinson)
and cultured overnight at 2 3 106/ml in T-cell medium (25) before staining for
CD8-Cy5 and CD3z-FITC with CD69-PE (MAb L78; Becton Dickinson) or
CD25-PE (MAb 2A3; Becton Dickinson).

Cytokine production. Freshly isolated or cryopreserved PBMC (3 3 106)
enriched for CD282 T cells were activated with 10 ng of anti-CD3 and 1 ng of
PMA (Sigma) in T-cell medium with 10 mM brefeldin A (Sigma) (12, 63). After
overnight incubation, harvested cells were stained for Cy5-CD8 and, for some
samples, FITC-CD28 or FITC-CD38. Samples were fixed and permeabilized as
described above, stained with FITC-conjugated anti-CD3z (if not previously
stained with anti-CD28 or anti-CD38) and 5 ml of PE–IFN-g MAb (25723.11) or
PE–IL-2 MAb (5334.2) (R&D Systems, Minneapolis, Minn.). Control samples
were stained with PE-MslgG1 (R&D Systems).

Statistical analysis. The statistical significance of correlations was evaluated
by a two-sided Student t test; a P value less than 0.05 was considered significant.

RESULTS

CD3z is down-modulated in HIV-specific CD8 T cells. To
determine whether CD3z down-modulation is a feature of
HIV-specific CD8 T cells, PBMC from five HLA A2.1-express-
ing HIV-seropositive donors were stained for CD8 and for
binding to the streptavidin-PE-conjugated HIV Gag peptide
(SLVNTVATL) or RT peptide (YTAFTIPSI) A2.1 tetramer
(1, 39, 51) and then fixed and permeabilized for staining with
FITC-conjugated CD3z. (Tetramer binding is not expected to
interfere with the binding of antibody to CD3z, since the tet-
ramer binds to the outermost surface of the TCR, while the
CD3z antibody recognizes an intracytoplasmic determinant of
CD3z.) Representative flow cytometry analyses for two HIV-
infected subjects are shown in Fig. 1 and Table 2. Most (88%
6 8%) of the tetramer1 CD8 T cells do not express any CD3z
above background. Because HIV-infected patients have an
expansion of CD282 CD8 T cells, we also costained samples
from these subjects for CD28 and A2.1-restricted HIV peptide
tetramers. The proportion of CD282 CD8 T cells was compa-
rable to the proportion of CD3z2 CD8 T cells; 85% 6 6% of
tetramer1 CD8 T cells were also CD282. Therefore, the ma-
jority of antigen-specific CD8 T cells have down-modulated
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both the principal transducing protein for the TCR and the
principal costimulatory signaling molecule.

Although the proportion of all CD8 T cells in these subjects
that are CD3z2 CD282 is high, the proportion of CD3z2

CD282 cells in the HIV-specific tetramer1 subset is even
higher (data not shown). For example, the proportion of all
CD8 T cells in these five patients that are CD282 is 68% 6
11% (range, 53 to 83%), compared with 85% 6 6% of the
tetramer1 subset. CD282 CD8 T cells probably include other
HIV-specific cells that recognize other epitopes, as well as
previously activated CD8 T cells that recognize other patho-
gens.

CD3z is down-modulated in activated and memory T cells.
To determine if CD3z down-modulation occurs only in certain
phenotypically defined subsets of CD8 T cells in HIV infection,
we stained PBMC from healthy and HIV-seropositive donors
for CD3z, CD8, and another T-cell marker using three-color
flow cytometry. In 13 HIV-seropositive donors, CD3z expres-
sion was disproportionately reduced in CD282, HLA-DR1,

and CD62L2 CD8 T cells (Fig. 2; Table 3). CD281 CD8 T cells
stained with CD3z at an MFI of 13 6 3, whereas the MFI of
CD282 CD8 T cells was 9 6 2 (P , 0.0000003). Similar
differences were seen for CD3z expression on CD62L high-,
medium-, and low-expression populations (CD62L high, 14 6
3; CD62L medium, 12 6 2; CD62L low, 11 6 2; P , 0.008 and
P , 0.0002). On the other hand, CD8 T cells expressing the
activation marker HLA-DR had a CD3z MFI of 9 6 2 whereas
HLA-DR2 CD8 T cells had an MFI of 11 6 2 (P , 0.0008).
This suggests that activated and/or memory CD8 T cells have
reduced CD3z expression. Differences of CD3z expression
were found to be not significant when cells were analyzed by
CD45RA expression. This may reflect the fact that CD45RA
stains both naive T cells and previously activated effector CTL
(15, 44).

Activated CD8 T cells from healthy donors also have down-
modulated CD3z. Surprisingly, similar differences were found
when CD3z expression was correlated with activation pheno-
type in seven healthy-donor samples (Table 3). Although the

TABLE 1. CD3z expression on CD8 T cells from late-stage HIV-infected individuals remains suppressed even after overnight incubation
with IL-2b

Patient Clinical stagea CD4 count

% CD3z1 CD8 T cells (PHD, PA)c for:

Fresh PBMC
Overnight incubation

2IL-2 1IL-2

Healthy donors
NS1 Control NDd 90 82 85
NS2 Control 625 93 78 87
NS3 Control ND 93 82 87
Mean 6 SD 92 6 1 80 6 2 86 6 1

Primary infection
060569 Primary

infection
1,390 55 78 98

Stage A
150468 A1 966 58 87 88
280875 A1 892 31 77 92
605 A1 840 80 82 82
604 A1 675 71 81 94
503 A2 493 58 74 84
502 A2 470 68 58 85
603 A2 410 66 67 86
Mean 6 SD 62 6 14 (,0.01) 75 6 9 (0.67) 87 6 4 (0.73)

Stage B
307 B2 283 62 50 82
BW001 B3 411 64 61 56
228 B3 194 21 32 71
355 B3 121 20 16 28
Mean 6 SD 42 6 25 (,0.02, 0.13) 40 6 20 (,0.02, ,0.003) 59 6 23 (0.11, ,0.01)

Stage C
237 C2 260 56 30 72
356 C2 257 36 46 54
BW006 C3 258 27 31 46
BW003 C3 462 36 49 68
BW002 C3 149 60 56 58
354 C3 6 48 37 53
Mean 6 SD 44 6 12 (,0.0004, ,0.05) 42 6 10 (,0.0004,

,0.0001)
58 6 9 (,0.002,

,0.00002)

a Clinical stage assigned on the basis of lowest-known CD4 count using the classification of reference 6. Results for patient samples 502, 503, 604, and 605 were
previously published (58).

b Freshly isolated PBMC and PBMC incubated overnight with (1) or without (2) 600 IU of IL-2/ml were analyzed by flow cytometry for CD8 and CD3z.
c PHD, P value compared to results for healthy donors; PA, P value compared to results for stage A donors.
d ND, not determined.
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proportion of circulating activated and memory CD8 T cells is
much lower in HIV-seronegative healthy donors than in HIV-
seropositive donors, HLA DR1 CD282 CD62L2 CD8 T cells
from healthy-donor PBMC had significantly lower CD3z ex-
pression than CD8 T cells with a naive-cell phenotype. If any-
thing the differences in CD3z expression were more striking in
healthy-donor samples. This probably reflects the fact that cells
that do not express any one activation marker are truly naive in
healthy donors, whereas in HIV-seropositive donors there is
considerable diversity in phenotypic subsets (44). For example,
cells that are HLA-DR2 in healthy donors are likely to be
CD281 CD62L1 CD45RA1 as well, whereas in HIV-infected
donors a substantial fraction of HLA-DR2 CD8 T cells are not
naive and express some of the activation markers.

CD8 T cells with down-modulated CD3z expression are al-
most exclusively CD282. CD28 expression appears to correlate
most closely with CD3z. CD8 T cells that are CD282, whether
from healthy or HIV-infected donors, uniformly have reduced
expression of CD3z (Fig. 3). However, most CD282 T cells
from healthy donors have reduced but not absent z-chain ex-
pression, while in the CD282 CD8 T-cell population from
HIV-infected donors there is a mixture of CD3zdim cells and
truly CD3z2 cells, in which staining is comparable to that of
CD3z2 B cells. Although both HIV-seropositive and seroneg-
ative donors have some CD282 CD8 T cells, this population is
greatly expanded in HIV-seropositive subjects. In nine healthy
donors, 22% 6 8% of CD8 T cells were CD282 (range, 11 to
39%) compared with a mean of 57% 6 14% (range, 32 to
83%) in 24 HIV-seropositive samples (P , 0.0000001). Al-
though the expansion of CD282 CD8 T cells tends to increase

with disease progression, the correlation with CD4 count or
disease stage was not statistically significant for this sample.

Expression of CD28 and that of CD3z are not directly
linked. The strong correlation between CD28 and CD3z ex-
pression led us to ask whether expression of these two proteins
is directly linked. CD3z expression by CD8 T cells from asymp-
tomatic HIV-infected individuals normalizes after 8 to 10 h of
incubation at 37°C in high concentrations of IL-2 (58). How-
ever, in five samples studied, there was no change in the pro-
portion of CD28-expressing CD8 T cells after overnight incu-
bation in the presence or absence of IL-2 even though CD3z
levels increased significantly (data not shown). In one repre-
sentative subject (subject 228), 17% of freshly isolated CD8 T
cells were positive for CD28. After overnight incubation in
medium alone, 21% of CD8 T cells were CD281 while in
medium containing 600 IU of IL-2/ml 18% were CD281. How-
ever, the percentage of CD8 T cells expressing CD3z increased
from 21% in freshly isolated T cells to 32% after overnight
incubation in medium to 71% in the presence of 600 IU of
IL-2/ml. This finding suggests that different pathways may be
involved in controlling CD28 and CD3z expression.

Apparent CD3z reexpression after overnight incubation
with IL-2 might have been due to preferential apoptosis of the
CD3z-down-modulated T cells. To verify that this was not the
case, we analyzed PBMC from two HIV-infected individuals
(subjects 356 and 237) for apoptosis using TUNEL staining.
PBMC were incubated overnight in medium alone or in me-
dium supplemented with 600 IU of IL-2/ml. Cells incubated
with PMA plus the Ca12 ionophore A23187, which stimulates
activation-induced apoptosis, were stained as a positive con-
trol. Although the proportion of CD3z-expressing cells in-
creased as expected in the presence of IL-2, there was no
significant difference in the proportion of TUNEL1 apoptotic
CD8 T cells when IL-2 was added (data not shown). Therefore,
it is not likely that preferential apoptosis of CD3z2 cells can
explain the up-regulation of CD3z staining after IL-2 exposure.

CD8 T cells from late-stage HIV-infected individuals do not
up-regulate CD3z expression after incubation with IL-2. To
determine whether up-regulation of CD3z expression might be
impaired in advanced disease, we compared in vitro changes in
CD8 T-cell CD3z expression in PBMC samples from 3 healthy
donors and from 18 HIV-infected individuals at various stages
of disease (Table 1). CD8 T cells from healthy donors showed
a slight decrease in T-cell CD3z expression after overnight

TABLE 2. Summary of quantitative flow cytometry results for
five donors

Subject Tetramer
% Tetramer1 cells that are:

CD3z2 CD282

219 Gag 79 81
350 Gag 93 88
606 Gag 99 89
701 Gag 83 91
703 RT 84 78
Mean 6 SD 88 6 8 85 6 6

FIG. 1. HIV-specific CD8 T cells, stained with tetramers, mostly have down-modulated CD3z and CD28. Shown are representative flow cytometry dot plots of
PBMC from stage A HIV-infected donors 606 (top) and 350 (bottom) costained with HIV A2.1 Gag tetramers and CD8, CD3z, or CD28. The dot plots in the two
left columns are tightly gated on the total lymphocyte population; in the two right columns, plots represent data for CD8bright lymphocytes. CD3z staining of CD201

B cells was used to set the gate for CD3z.
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incubation in medium alone, which could be reversed by add-
ing exogenous IL-2. PBMC from seven of eight donors expe-
riencing primary HIV infection or with asymptomatic stage A
disease had partially restored CD3z expression after overnight
incubation in the absence of exogenous IL-2. We previously
showed that this is due primarily to endogenous production of
IL-2, since it can be blocked by adding IL-2 antibody (58).
Restoration of CD3z expression to a level comparable to that
of healthy-donor PBMC occurred after overnight incubation
with 600 IU of IL-2/ml in all eight subjects. T cells from stage
B patients had little change in the percentages of CD3z1

CD81 T cells after overnight incubation in medium alone. This
was a statistically significant change compared with the results
for stage A donors (P , 0.003). In the presence of IL-2, CD8
T cells from two of four subjects tested were able to restore
CD3z expression to near normal levels. However, for six indi-
viduals with stage C disease, overnight incubation in medium
had little effect on CD3z levels and IL-2 only partially restored
CD8 T-cell z-chain expression (Table 1). The differences be-

tween stage A and C patients as to baseline CD3z expression
and reexpression in the absence or presence of IL-2 were all
highly significant. Therefore, loss of CD3z expression becomes
irreversible even with exogenous cytokines around the time of
progression to AIDS.

CD3z-down-modulated T cells do not express the high-af-
finity IL-2 receptor upon TCR-mediated activation. Since
phosphorylation of the z-chain is the most important proximal
event in TCR-mediated signal transduction (65), the down-
modulation of CD3z should alter activation of these cells via
the TCR, perhaps as a way to regulate excessive cell-mediated
lysis. This presumed decrease in TCR signaling should be ex-
acerbated by the lack of CD28 expression on the CD3z-down-
modulated T cells, since CD28 engagement is an important
costimulatory signal. In fact, Stefanova and colleagues have
shown aberrant signaling in T cells in HIV infection (54). To
test whether CD3z down-modulation interferes with activation
through the TCR, we stimulated PBMC from five healthy
donors and five HIV-infected donors with a suboptimal con-

FIG. 2. CD3z staining of gated CD8 T cells from a representative HIV-infected donor, costained for CD28, HLA-DR, and CD62L. Shaded histograms, CD3z
staining profiles of cells expressing markers; open histograms, CD3z staining of cells that do not express markers. CD3z is down-modulated in CD282, HLA-DR1, and
CD62L2 CD8 T cells.

TABLE 3. CD3z MFI is reduced in activated and memory CD8 T-cell subsetsa

Phenotypic marker
Healthy donor HIV-seropositive donor

P (sero1 vs sero2)b

n CD3z MFI (P) n CD3z MFI (P)

HLA-DR1 7 12 6 2 13 10 6 2 0.01
HLA-DR2 16 6 1 (,0.00001) 12 6 2 (,0.00008) 0.00005

CD281 7 17 6 2 13 14 6 2 0.01
CD282 11 6 3 (,0.000004) 10 6 2 (0.00001) 0.3

CD62L high 7 18 6 3 13 14 6 3 0.03
CD62L medium 15 6 3 (0.00002) 12 6 2 (0.008) 0.01
CD62L low 15 6 3 (,0.00002) 11 6 2 (0.00002) 0.002

CD45RA1 3 18 6 2 6 13 6 2 0.02
CD45RA2 14 6 2 (0.05) 12 6 1 (0.08) 0.09

a T cells from both HIV-seropositive and seronegative donors that correspond to memory (CD62 medium and low, CD45RA2) and activated (CD282 HLA-DR1)
phenotypes have significantly decreased CD3z MFI. MFI values were obtained by direct staining with FITC-CD3z, Cy5-CD8, and PE-conjugated antibodies to CD62L,
HLA-DR, CD28, and CD45RA. The P values in parentheses represent the statistical analysis of the differences in CD3z MFI when cells expressing the activation marker
in each group (healthy donor or HIV-seropositive donor) are compared to cells that do not. P values are calculated by a paired two-sided t test.

b Sero1, seropositive; sero2, seronegative.
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centration (1 ng/ml) of anti-CD3ε antibody 12F6 and 1 mg of
anti-CD28/ml and measured the induction of activation mark-
ers CD69 and CD25 the next day. (CD3ε and the other com-
ponents of the TCR-CD3 complex are not down-modulated
when CD3z is [58].) Data from a representative healthy donor
and an HIV-infected donor are shown in Fig. 4. In both types
of donors, CD69 expression was induced in cells with both
normal and down-modulated CD3z expression, although the
level of CD69 cell surface staining was somewhat reduced in
the down-modulated T cells. However, CD25, the a-chain of
IL-2R required for high-affinity binding, was induced only on
CD3zbright cells. Moreover, the CD3z MFI of cells that were
activated to express CD69 or CD25 was significantly higher
than that for CD8 T cells that were not activated for both
healthy and HIV-infected donors. CD8 T cells from five HIV-
seropositive donors with induced CD69 expression stained for

CD3z with an MFI of 14 6 1, while CD8 T cells that were not
induced had a CD3z MFI of 12 6 2 (background MFI of B
cells was 6 6 1). This difference was statistically significant
(P , 0.005). CD25 expression also developed only in T cells
that had increased levels of CD3z expression (z-chain MFI of
CD251 CD8 T cells was 14 6 2 versus the CD252 CD8 T cell
MFI of 11 6 1; P , 0.006).

Similar results were found for activation of healthy-donor
PBMC. After TCR activation, five healthy donors also had
significantly higher CD3z expression in CD691 CD8 T cells
(MFI, 15 6 2) than in CD692 CD8 T cells (MFI, 12 6 2; P ,

FIG. 3. Representative flow cytometry contour plots of PBMC (left column)
or gated CD8 T cells (right column) from a healthy donor and three HIV-
seropositive donors at indicated disease stages. Quadrant markers were set using
CD201 B cells (y axis) as internal negative controls for background CD3z
staining (x axis) as shown in the left plot for each subject. CD28 and CD3z
staining of CD8 T cells from HIV-seropositive and healthy donors demonstrates
the coincident down-modulation of CD3z and CD28 and the increase in doubly
down-modulated CD8 T cells with HIV infection and disease progression. CD3z
is dimly expressed, but present above background, in the CD282 subset in the
healthy donor.

FIG. 4. CD8 T cells with down-modulated CD3z from an HIV-infected do-
nor (patient 605) (A) or a healthy donor (B) do not express cell surface CD25
after CD3/CD28 cross-linking. PBMC were enriched for CD282 T cells by partial
immunomagnetic depletion of CD281 T cells and incubated overnight with or
without activating antibodies before staining for CD69, CD25, and CD3z. CD3z
staining of CD3z2 CD201 B cells was used to set the gate for CD3z. The CD20
dot plots were gated on the total lymphocyte population by forward and side
scattering; the CD69 and CD25 dot plots were obtained after gating on CD8bright

lymphocytes.
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0.0001) and higher expression in CD251 CD8 T cells (MFI,
16 6 2) than in CD252 CD8 T cells (MFI, 12 6 2; P , 0.006).
The B-cell background CD3z MFI was 7 6 1 for the healthy-
donor samples. Levels of induction of CD69 and CD25 expres-
sion were similar when cells were activated with 1 ng of anti-
CD3/ml without anti-CD28 (data not shown). These results
show that at least some of the signaling changes in CD3z-
down-modulated CD8 T cells are not specific to HIV infection
but rather occur as part of a normal immune response.

Because there is a greater proportion of CD3z2 CD282 T
cells in more-advanced patients, we also examined the propor-
tion of CD8 T cells, which fail to express CD25 when activated,
in HIV-infected patients and healthy controls (Table 4). About
70% of healthy-donor CD8 T cells are activated by 1 ng of
anti-CD3/ml and 0.5 mg of anti-CD28/ml to express CD69 the
next day. About two-thirds of these (44% 6 2%) coexpress
CD25. In five stage A donor samples, the proportion of CD691

CD8 T cells activated to express CD69 was somewhat higher
(77%; not significant) and the proportion activated to express
CD25 was significantly higher (61% 6 8%; P , 0.02). In two
patients with advanced disease, however, although a compara-
ble number of CD8 T cells expressed CD69 (59%), the pro-
portion that expressed CD25 was only 18% 6 6% (P , 0.006
compared with healthy donors). This substantial reduction in
CD25 expression supports the hypothesis that there is more-
pronounced CD8 T-cell anergy in more-advanced patients.

CD3z-down-modulated T cells produce IFN-g but not IL-2
or IL-4. We next looked at cytokine production on a single-cell
basis with flow cytometry after maximal overnight stimulation
of PBMC from nine HIV-infected donors with PMA and anti-
CD3ε in the presence of brefeldin A (Fig. 5). Cells were
costained with CD8 and either CD3z, CD28, or CD38 in ad-
dition to IL-2, IFN-g, and IL-4. Flow cytometry analysis for
gated CD8 T cells from a representative HIV-infected donor
sample is shown in Fig. 5C. There was no significant IL-4
production by CD8 T cells in any of the samples (data not
shown). IL-2 was produced almost exclusively by cells with a

naive phenotype (CD3z1 CD281 CD382). In samples from
nine donors, 84% 6 5% of the IL-2-producing CD8 T cells
were CD3z1 and 72% 6 12% were CD281. In contrast, the
CD3z2 CD282 population was primarily responsible for IFN-g
production; 80% 6 14% of the IFN-g-producing CD8 T cells
were CD3z2 and 80% 6 12% were CD282. There was no clear
association of CD38 expression with IFN-g production. Al-
though fewer cells were activated when samples were stimu-
lated with anti-CD3ε and anti-CD28 in place of PMA and
anti-CD3ε, the same pattern of cytokine production was seen
(data not shown).

DISCUSSION

We recently found that freshly isolated circulating CD8 T
cells from HIV-infected donors have limited ability to lyse
HIV-infected target cells but become highly cytolytic after
overnight culture in the presence of IL-2 (58). In looking for a
molecular basis for the lack of cytotoxic function, we found
that a large fraction of CD8 T cells in HIV-infected donors
have down-modulated the principal signaling chain of the
TCR-CD3 complex, as has been reported for tumor-infiltrating
lymphocytes in mice and humans (11, 29, 33, 36). We also

TABLE 4. CD8 T-cell activation after stimulation with anti-CD3
and anti-CD28a

HIV status and donor
% of CD8 T cells expressing:

CD69 CD25

HIV seronegative
SM 67.0 44.0
RSF 66.1 41.5
MEP 76.1 45.4
Mean 6 SD 69.7 6 5.5 43.6 6 2.0

Stage A
9013 73.5 52.0
9010 86.4 54.2
6080 80.7 58.4
431 79.7 68.2
605 64.3 71.1
Mean 6 SD 76.9 6 8.4 60.8 6 8.5

Stage B or C
BW005 54.5 13.2
BW004 62.6 22.2
Mean 6 SD 58.6 6 5.7 17.7 6 6.4b

a The proportion of activated CD8 T cells that express CD25 is markedly
reduced in late-stage HIV-infected subjects compared to healthy uninfected
donors or stage A HIV-infected donors.

b Significantly different compared to results for healthy donors (P , 0.01) and
stage A donors (P , 0.002).

FIG. 5. CD3z2 CD282 CD81 T cells produce IFN-g but not IL-2. PBMC
from six to nine HIV-seropositive subjects at various disease stages were acti-
vated overnight with anti-CD3 and PMA in the presence of brefeldin A and
analyzed for IL-2 (A) or IFN-g (B) production and CD3z, CD28, and CD38
staining. (C) Contour plots for representative subject BW004.
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found that CD3z became up-regulated in parallel with the
return to cytotoxicity. Here we show that HIV-specific CD8 T
cells that stain with HIV peptide epitope tetramers have al-
most uniformly down-modulated not only CD3z but also the
principal costimulatory receptor CD28. We previously found
that the circulating tetramer1 cells are likely armed to kill
since they stain for granzyme A (52). Therefore the lack of
HIV-specific cytotoxicity is probably due to aberrant signaling.

CD3z down-modulation is a feature of cells that have been
previously activated, as evidenced by HLA-DR expression and
lack of CD28 and CD62L expression. Because the CD3z2

CD282 phenotype typically represents 20 to 80% of circulating
CD8 T cells in HIV-infected patients (Table 1), the CD3z2

CD282 population probably includes not only HIV-specific T
cells but also cells specific for other pathogens.

CD3z down-modulation correlates closely with CD28 down-
modulation in CD8 T cells. Previous studies have shown, and
their results are confirmed here by tetramer staining, that the
expanded CD282 CD8 T-cell subpopulation in HIV infection
contains most of the HIV-specific CTL (10, 62). However, the
CD8 T-cell suppressor factor CAF is produced by CD281 T
cells and is therefore not a product of antigen-specific cells (3).
Previous studies have also shown that activation of CD282 T
cells induces IFN-g production but not that of IL-2 and that
these cells have reduced proliferative capacity (5, 23, 28, 53).
Consistent with this is our finding that cells that produce IFN-g
upon TCR activation are predominantly CD3z2 CD282, while
cells that produce IL-2 are predominantly CD281 CD3z1. The
reduced proliferative capacity of these cells may be linked to
their failure to produce IL-2 and to express the high-affinity
IL-2 receptor upon activation.

What is the functional significance of dual down-modulation
of CD3z and CD28? Although CD3z is not detectable above
background staining in a large proportion of CD8 (but not
CD4) T cells in HIV infection, there is probably some CD3z
present since antibodies to CD3ε stimulated CD69 expression
and IFN-g production by CD3z2 cells. Estimates of the num-
bers of TCR molecules that need to be engaged for CD8 T-cell
activation go down to as few as one molecule per cell, well
below the sensitivity of flow cytometry detection (56). Since the
CD3z2 cells require IL-2 exposure to up-regulate CD3z before
they are cytotoxic (58), the dually down-modulated cells are
partially anergic; they produce IFN-g but are not cytotoxic and
do not produce IL-2. Therefore, the threshold for triggering
cytotoxicity may be higher than that needed to activate CD69
expression or to trigger IFN-g production. That the parallel
down-regulation of CD3z and cytotoxicity is a major factor in
the lack of immune surveillance in cancer and HIV seems
likely but is a matter of conjecture.

CD3z down-modulation, which increases with disease pro-
gression and which interferes with T-cell activation, is cor-
rected within 6 to 10 h of in vitro culture in an IL-2-dependent
manner (58). However, development of cytotoxic function in
vitro requires a longer incubation time (16 to 24 h) than that
required for reexpression of CD3z (data not shown). There-
fore the lack of cytolytic function is not simply due to CD3z
down-modulation. Reversal of modifications of the key TCR-
associated tyrosine kinases Lck, Fyn, and ZAP70, which have
been described in HIV infection (56), may be required before
cytotoxicity can be triggered.

We do not know what induces CD3z and CD28 down-mod-
ulation in CD8 T cells in HIV infection, cancer, and autoim-
munity. However, in this study we found that in healthy donors
approximately 5 to 10% of CD8 T cells have down-modulated
both CD3z and CD28. Moreover, the down-modulated cells
behave after TCR stimulation like their counterparts in HIV

infection. This suggests that CD3z and CD28 down-modula-
tion may be a normal consequence of CD8 T-cell activation
and not an aberration secondary to chronic immune stimula-
tion or HIV infection. In support of this, we recently found a
massive expansion of CD3z2 CD282 CD8 T cells in three
patients undergoing acute viral infections of diverse etiologies
(57). These cells, like the comparable subset in HIV infection,
were effector CTL that produced IFN-g but not IL-2 and were
not cytotoxic until cultured in high concentrations of IL-2. Like
the down-modulated cells in HIV-seropositive donors, upon
TCR activation they failed to express CD25. Moreover, cor-
roborative results were found in a mouse green fluorescent
protein model recently developed to study CD8 T-cell differ-
entiation (32). In the mice, CD3z mRNA is decreased in ef-
fector CD8 CTL. The mouse effector cells also had limited
proliferative capacity, produced IFN-g but not IL-2, and, in
fact, mostly underwent apoptosis upon TCR activation unless
they were provided with IL-2.

These findings taken together suggest that CD3z and CD28
down-modulation is a normal correlate of CD8 T-cell activa-
tion. We suspect that it serves two purposes: (i) to prevent
immunopathology due to cytolysis of bystander cells that may
express self peptide-HLA pairs with low affinity for the TCR
and (ii) to insure that CD8 T cells are dependent on T-cell help
for their function and proliferation. Lack of IL-2 production
and high-affinity IL-2R expression means that the activated
CTL are likely dependent on exogenous cytokines not only for
survival but also for cytolytic function. This finding is consistent
with a recent study of murine lymphocytic choriomeningitis
virus infection in which functional antigen-specific CD8 T cells
did not provide antiviral protection in mice depleted of CD4 T
cells (66). In HIV infection, the paucity of HIV-specific CD4
helper T-cell function is also likely to be an important contrib-
utor to HIV-specific CTL dysfunction (18, 58).

Our finding of partial anergy in the antiviral CD8 T-cell
compartment may also be true of the HIV response of CD4 T
cells. A CD4 proliferative response to HIV antigens is gener-
ally not detectable above background except in some long-term
nonprogressors or in some instances after treatment (30, 31,
46, 47, 49). This finding led investigators to assume that HIV-
specific CD4 T cells are absent in most HIV-infected individ-
uals. However, a recent study showed that in most HIV-in-
fected patients CD4 memory cells that produce IFN-g in
response to stimulation with the HIV Gag protein are readily
detectable by flow cytometry (41). This suggests that the HIV-
specific CD4 T-cell response is not absent but partially aner-
gized. It may be that the absence of a proliferative response to
HIV antigens seen in most patients reflects a lack of IL-2
secretion, similar to what we find for CD8 T cells. IL-2 pro-
duction is likely required for CD4 T-cell proliferation in re-
sponse to an antigen and may be needed for effective help for
CD8 CTL function.

Based on this study and results with acute viral infection (57)
and with the mouse green fluorescent protein model (32), we
propose a working model for CD8 T-effector-cell differentia-
tion outlined in Fig. 6. After TCR activation, CD8 T cells,
unlike their CD4 counterparts, down-modulate expression of
CD3z and CD28. The dually down-modulated cells secrete
IFN-g upon repeat exposure to antigens but are not cytotoxic
unless they encounter antigens in proximity to IL-2-secreting
antigen-specific CD4 helper cells. In that case they upregulate
CD3z expression, become cytotoxic, and proliferate. If they
reencounter antigens in the absence of specific helper cells, the
CD8 T cells, although they have the molecular machinery for
cytolysis, are not cytolytic and do not proliferate.

We previously found that the defect in CD3z expression is
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more pronounced in HIV-infected patients with more ad-
vanced immunodeficiency (58). This is corroborated by refer-
ence 13 and the study of additional patients reported here. We
now find that IL-2 does not restore in vitro CD3z expression on
CD8 T cells in advanced patients and that the defect in ex-
pression of the high-affinity IL-2 receptor after T-cell activa-
tion is more profound in advanced patients. This suggests that
antigen excess, prolonged chronic antigenic stimulation, or
particular HIV gene products (such as Tat) (6, 55) might result
in additional alterations in the signaling pathway or transcrip-

tion factors that are important in normal CD8 CTL develop-
ment. This finding may also be a contributing factor to the lack
of response to IL-2 therapy in more-advanced patients (20).
Global defects in CD3z expression on T and NK cells and
profound signaling defects have been found in tumor-infiltrat-
ing cells in mice and humans with advanced cancers (21, 34). A
recent study of tetramer-staining melanoma-specific CD8 T
cells in patients with metastatic melanoma found that melano-
ma-specific CD8 T cells in these patients were profoundly
anergic (22). Although they were perforin1, they were not

FIG. 6. Working model for regulation of CD8 T-cell-effector function. Following the initial TCR activation of a naive CD8 T cell, CD3z and CD28 are
down-modulated and cytotoxic granule proteins are expressed as part of normal CD8 T-cell differentiation. If the CD8 T cell encounters antigens on infected cells in
the absence of specific helper cells, the effector CD8 T cell can produce IFN-g but is not cytotoxic and does not proliferate. In the presence of antigen-specific CD4
T cells, the CD8 T cell up-regulates CD3z but not CD28, becomes cytolytically competent, and proliferates.
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cytotoxic against their specific targets. In addition, specific
CD8 T cells from these patients did not express CD69 or
produce cytokines after specific antigenic exposure. In more
recent work (P. Shankar, M. Russo, B. Harnisch, M. Patterson,
P. R. Skolnik, and J. Lieberman, submitted for publication), we
also found that IFN-g production in response to HIV-infected
primary T cells or by HIV tetramer1 cells is compromised in
more-advanced HIV-infected donors. In some donors, the
IFN-g production defect, like the defect in cytotoxicity, can be
reversed by supplying IL-2 in vitro. Our results suggest that a
similarly profound anergy might be found in HIV-infected
patients with AIDS and might reflect derangements of immune
regulation associated with chronic antigenic excess. The func-
tional properties of HIV-specific T cells in more-advanced
patients require further study.
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