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We eventually isolated two different clonotypic CD8 T cell subsets recognizing an HIV Pol-derived epitope peptide (IPLTEEAEL)
in association with HLA-B35 from a chronic HIV-infected patient. By kinetic analysis experiments, the subsets showed a >3-fold
difference in half-lives for the HLA tetramer in complex with the Pol peptide. In functional assays in vitro and ex vivo, both subsets
showed substantial functional avidity toward peptide-loaded cells. However, the high affinity subset did not show cytolytic activity,
cytokine production, or proliferation activity toward HIV-infected cells, whereas the moderate affinity one showed potent activ-
ities. Furthermore, using ectopic expression of each of the TCR genes into primary human CD8 T cells, the CD8 T cells transduced
with the high affinity TCR showed greater binding activity toward the tetramer and impaired cytotoxic activity toward HIV-
infected cells, corroborating the results obtained with parental CD8 T cells. Taken together, these data indicate that impaired
responsiveness of T cells toward HIV-infected cells can occur at the level of TCR-ligand interactions, providing us further insight
into the immune evasion mechanisms by HIV. The Journal of Immunology, 2004, 173: 5451–5457.

O ur understanding of how HIV avoids control by the hu-
man immune system remains incomplete. Although
CD8� CTL are believed to have an important role in the

immunopathogenesis of HIV-1 infection, it is not completely clear
why viral replication persists and progressive immunodeficiency
generally ensues (see recent reviews, 1–5). The findings of several
studies show that HIV-specific CTL taken ex vivo can have func-
tional defects that could undermine their control of the virus. For
example, whereas most HIV-specific CD8 T cells in patients with
chronic HIV disease produced antiviral cytokines on contact with
cognate Ag, these cells showed diminished perforin expression and
capacity for proliferation compared with CMV-specific T cells (6)
and T cells in long term nonprogressors (7), respectively. Such
different functional outcomes in T cells can be caused by the qual-
ity of T cell activation, such as the strength of TCR engagement
and costimulatory or inhibitory interactions (8–10). The kinetics
and affinity of interaction between TCR and peptide-MHC com-
plex (pMHC)3 are the basis of T cell activation. For the most part,
longer half-lives of TCR-pMHC interaction correspond to higher T
cell activation (11–14). However, in the case of some peptide vari-
ants as well as mutations in MHC and/or TCR, a longer half-life
was reported to weaken T cell reactivity (15–18). Moreover, it
remains unclear what are the functional roles of peripheral T cell

subsets that bear TCR with high affinity for a MHC ligand in
association with a foreign peptide, because T cells with high af-
finity for a foreign pMHC appear to be negatively selected in the
thymus and not exported to the periphery (19).

In contrast, we and others have generated many CTL lines and
clones from HIV-infected patients that were cytotoxic toward HIV-
infected cells in vitro in the course of experiments to identify HIV-
derived CTL epitopes in previous studies (20). Given that only T cells
that were positive for epitope-specific cytolytic activity were reported
in these studies, we hypothesized that T cells with negative cytolytic
activity toward HIV-infected cells, which may reflect the loss of
antiviral effector functions of HIV-specific CTLs in vivo, were con-
currently generated, but not further examined, due to their negative
activity. Therefore, to examine cell-based mechanisms involved with
impaired functions of HIV-specific CD8 T cells, we have again been
testing CD8 T cell clones isolated from HIV-infected patients for their
lack of killing activity toward HIV-infected cells even though they
retained their specificity toward HIV Ags.

In the present study we focused on remarkable functional differ-
ences in two different CD8 �� T cell subsets (TCR V�12�

and V�1�) specific for an HIV Pol-derived epitope peptide
(IPLTEEAEL) from a chronic HIV-infected patient. Interestingly, the
subsets showed a �3-fold difference in binding activity toward the
HLA tetramer in complex with the Pol peptide. The high affinity
subset (V�1�) showed impaired reactivity toward HIV-infected cells
in vitro and ex vivo, whereas the moderate affinity subset (V�12�)
had potent reactivity. Additional genetic transfer of each of these TCR
genes into human primary CD8 T cells clearly indicated that impaired
responsiveness of T cells toward HIV-infected cells can occur at the
level of TCR-ligand interactions.

Materials and Methods
Tetramer binding assay

The CTL lines (5 � 104 cells; �60% tetramer� CD8� cells) generated by
repeated stimulation of the patient’s lymphocytes (HLA-A*2402/A*2601,
HLA-B*3501/B*5101) with the Pol peptide (IPLTEEAEL) were first
stained with various concentrations of the tetramer at 4 or 37°C for 15 min.
The cells were subsequently stained at 4°C for 15 min with anti-CD8-
PerCP (BD Pharmingen, San Diego, CA), FITC-conjugated anti-V�12
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TCR (Serotec, Oxford, U.K.), and anti-V�1 TCR mAbs. The anti-V�1
TCR mAb (A13; provided by L. Moretta, Istituto di Istologia ed Embrio-
logia Generale, Genova, Italy) (21) had been labeled with PE-conjugated
Fab specific for the Fc portion of mouse IgG1 (Molecular Probes, Eugene,
OR). For the kinetic analysis of tetramer binding, the CTL line was first
incubated with 5 �M tetramer at 4°C. A portion of the reaction was re-
moved periodically (2, 5, 10, 15, 30, and 60 min), and the cells were
subsequently stained with anti-CD8 and anti-TCR mAbs as described
above. For kinetic analysis of the tetramer dissociation, a CTL line was
stained with 5 �M tetramer for 60 min at 4°C. Then cells were rapidly
washed twice and suspended in 1.5 ml of a buffer (2% BSA in PBS)
supplemented with a blocking Ab. A portion of the reaction was then
removed periodically (2, 5, 10, 15, 30, and 60 min), and the cells were
subsequently stained with the anti-CD8 and anti-TCR Abs. For the flow
cytometric analysis, V�12� or V�1� CD8� cells were gated and then
assessed for their tetramer binding level.

Cytotoxic assay

The cytotoxic activity of CTL clones generated previously (22, 23) was
determined by a standard 51Cr release assay as previously described (22).
For Pol peptide-pulsed target cells, 51Cr-labeled C1R-B*3501 cells were
pulsed with the peptide for 1 h, then incubated with the effector T cells for
an additional 4 h at 37°C. For virus-infected target cells, C1R-B*3501 cells
or .221-B*3501 cells expressing human CD4 Ag were infected with HIV-1
GagPol-expressing vaccinia virus, HIV-1 LAI, or vesicular stomatitis virus
envelope glycoprotein-pseudotyped HIV-1 HXB2D. Note that all these vi-
ruses have the same epitope sequence as that used for synthetic Pol peptide
(IPLTEEAEL). The cells were subsequently labeled with 51Cr and incu-
bated with the effector T cells for 6 h at 37°C. It should be noted that �70%
cells expressed the p24 Gag Ag, as revealed by intracellular flow cytomet-
ric analysis of target cells.

Cytokine secretion assay

CTL clones were cocultured with .221-CD4-B*3501 cells, either pulsed
with various concentrations of the Pol peptide or infected with HIV-1 LAI
for 2 h at 37°C. Brefeldin A (10 �g/ml) was then added, and the culture
was continued for an additional 4 h. Then the cells were permeabilized,
stained with anti-IFN-� and TNF-� mAbs (BD Pharmingen), and analyzed
by flow cytometry as previously described (23).

Ex vivo activation assay

Cryopreserved PBMC of HIV-positive (1 � 106) or negative donors (5 �
106) were stained with the tetramer at 37°C for 15 min, followed by anti-
CD8 and anti-TCR Abs at 4°C for 15 min. The cryopreserved PBMC of the
HIV-positive patient were stimulated, or not, with irradiated .221-CD4-
B*3501 cells, either pulsed with 100 nM Pol peptide or infected with
HIV-1 LAI (�70% p24 Gag�). The cells were cultured at 37°C for 12 days

in RPMI 1640 supplemented with 10% FCS and 200 U of IL-2. A portion
of the stimulated cells (2 � 105) was stained as described above.

Construction of retroviral vectors and gene transfer

The genes encoding full-length � and � TCR of CTL 55 (23) and 589 (22)
were subcloned into the pGC-based retroviral vector (pGCDNsap[MSCV];
provided by M. Onodera, Tsukuba University, Ibaragi, Japan) (24). The
sequence data of the TCR genes are available from DDBJ under accession
numbers AB164056, AB164057, AB164620, and AB164621. The genes
encoding a murine heat-stable Ag (CD24) or a GFP were also incorporated
into the constructs with an internal ribosome entry site (IRES) following
the � or � TCR gene to facilitate monitoring of the expression of the � or
� TCR gene, respectively, in the transduced cells.

Human primary CD8 T cells were isolated from PBMC of an HIV-
negative healthy donor with HLA-B*3501 using anti-CD8 magnetic beads
(Miltenyi Biotec, Bergisch Gladbach, Germany). The resultant CD8 T cells
were activated over a 3-day period by anti-CD3 mAb (OKT3) coated on
the culture dish, then transferred to recombinant fibronectin-coated plates
(Takara Shuzo, Otsu, Japan) and incubated for 72 h with the retrovirus
supernatant containing the TCR �-IRES-CD24 gene. Transduced T cells
expressing CD24 Ags were isolated using PE-labeled anti-CD24 mAb (BD
Pharmingen) and anti-PE magnetic beads (Miltenyi Biotec). The isolated
cells (�80% of the cells were CD8� CD24�) were subsequently trans-
duced with another construct containing TCR �-IRES-GFP as described
above.

Results
Functional difference in CTL clones in response to HIV-infected
cells in vitro

An HIV Pol peptide (IPLTEEAEL) is a CTL epitope endog-
enously presented by HLA-B*3501 (20). In Pol peptide-stimulated
lymphocytes from a patient with chronic HIV infection, we gener-
ated two CD8� �� T cell clones, designated CTL 55 and 589, that
were shown to express TCR V�1.1/V�13.3 and V�12.1/V�5.6, re-
spectively, on their cell surface (22, 23). It is of note that the genes
encoding a V�1 variable segment are expressed in �0.5% of periph-
eral CD8� �� T cells in human healthy individuals and that the V�1-
bearing TCR �� recognizes a peptide presented by HLA class I mol-
ecules (21, 23). The functional properties of both T cell clones were
first tested for their cytotoxic and cytokine production activities in
response to cells either pulsed with the Pol peptide or infected with
viruses expressing HIV Pol proteins. Peptide titration experiments
showed that both clones had substantial cytotoxic activities (Fig. 1A).
It should be noted that in repeated experiments, CTL 589 appeared to

FIGURE 1. Analysis of effector
functions of the CTL clones. A and B,
Cytotoxic activity of CTL 55 and 589
toward C1R-B*3501 cells either
pulsed with the indicated concentra-
tions of the Pol peptide (A) or infected
with vaccinia virus expressing HIV-1
GagPol polyproteins at the indicated
E:T cell ratios (B). C, Cytotoxic ac-
tivity of CTL 55 and 589 toward .221-
B*3501 cells uninfected or infected
with HIV-1 in the absence or the pres-
ence of 100 nM Pol peptide at an E:T
cell ratio of 2:1. D–F, Intracellular
staining for IFN-� and TNF-� of CTL
55 and 589 in response to .221-B3501
cells either pulsed with the indicated
concentrations of the Pol peptide (D
and E, respectively) or infected with
HIV-1 at an E:T cell ratio of 1:1 (F).
Data are shown as the means of du-
plicate assays for at least three inde-
pendent experiments.
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have more profound cytotoxic activity at low concentrations of the
Pol peptide than CTL 55, although the difference was modest under
the assay conditions tested (Fig. 1A). CTL 589 also showed substan-
tial cytotoxic activities toward cells infected with vaccinia virus ex-
pressing HIV-1 Gag-Pol polyproteins (Fig. 1B) as well as toward
those infected with HIV-1 (Fig. 1C). In sharp contrast, CTL 55 was
not cytotoxic toward cells infected with either viruses, even at in-
creased E:T cell ratios (Fig. 1, B and C). Addition of the Pol peptide
to the culture medium restored the cytotoxic activity of CTL 55 to-
ward target cells (Fig. 1C), indicating the cytotoxic potential of CTL
55 during the assay.

As observed in cytotoxic assays, intracellular cytokine staining
experiments showed that both clones had substantial ability to pro-
duce IFN-� (Fig. 1D) and TNF-� (Fig. 1E) in response to the Pol
peptide-loaded cells, although CTL 55 responded to a lesser extent
than CTL 589. In response to HIV-infected cells, CTL 55 did not
show production of IFN-� or TNF-� (Fig. 1F), whereas CTL 589
produced both cytokines, confirming the impaired responsiveness
of CTL 55 toward HIV-infected cells. Moreover, the other Pol
peptide-specific CTL clones, 349 and 562, that had TCRs identical
with CTL 55 and 589, respectively, showed a similar pattern of func-
tional differences as that observed for CTL 55 and 589 (data not
shown), suggesting that the impaired responsiveness toward HIV-in-
fected cells was an inherent property of certain T cell subsets specific
to the Pol peptide, rather than of a particular CTL clone.

Different proliferation capacities between the tetramer� CD8 T
cell subsets in response to HIV-infected cells ex vivo

To further investigate the functional difference between these
CD8� T cells toward HIV-infected cells, we examined the ex vivo
proliferation capacity of these CD8 T cells in response to HIV-
infected cells, because the Pol peptide-specific T cell clonotypes
corresponding to CTL 55 and 589 can be exclusively stained by
anti-TCR V�1 (21) and V�12 Abs in association with the tetramer.
In addition, TCR analysis of CD8�tetramer� cells of the patient,
followed by cell sorting, revealed that all TCR � transcripts that
carried either V�1- or V�12-encoded region had the CDR 3� se-

quence identical with that of TCR 55� or 589�, respectively (data
not shown), confirming the T cell clonality and Ag specificity of
tetramer� cells in the flow cytometric analysis.

Firstly, direct analysis of unstimulated peripheral lymphocytes
of the HIV-infected patient ex vivo revealed that the frequency of
tetramer� CD8 T cells was �0.1% of the total CD8 T cell popu-
lation and that the V�1� and V�12� subsets were 75 and 8%,
respectively, within this tetramer� fraction (Fig. 2B and Table I),
whereas analysis of peripheral lymphocytes of the HIV-negative
donors ex vivo revealed that the frequency of tetramer� CD8 T
cells was �0.02% of the total CD8 T cell population, and that the
V�1� and V�12� subsets were �5% within this tetramer� frac-
tion (Fig. 2A).

Peripheral lymphocytes of the HIV-infected patient were then
stimulated with cells that had been either pulsed with the Pol pep-
tide or infected with HIV-1 and cultured for 12 days. When stim-
ulated with the Pol peptide, frequencies of the V�1� and
V�12�tetramer� CD8 T cell subsets in the total CD8 T cells were
increased 7- and 30-fold (Table I and Fig. 2D), respectively, in-
dicating that both subsets had substantial proliferation capacity in
response to the Pol peptide-loaded cells. This observation was con-
sistent with our previous finding that CTL 55 and 589 had been
generated by repeated stimulation of the patient’s lymphocytes by
the Pol peptide. In contrast, when stimulated with HIV-infected
cells, the frequency of the V�12�tetramer� CD8 T cell subset was
increased �70-fold, whereas the frequency of the V�1�tetramer�

CD8 T cell subset was decreased (Fig. 2E and Table I), indicating
that the V�1�tetramer� CD8 T cell subset could not respond to
HIV-infected cells. Noticeably, the frequency of the tetramer�

CD8 T cell subset, without any Ag stimulation, was virtually con-
stant after a 12-day culture period (Fig. 2C and Table I), confirm-
ing the Ag-specific proliferation response of the V�12�tetramer�

subset. It is also of interest that the V�12� cells showed more
profound proliferation when stimulated by cells infected with HIV
than when pulsed with the Pol peptide (Fig. 2 and Table I), sug-
gesting a qualitative difference in Ag presentation to T cells be-
tween infected cells and peptide-loaded cells.

FIGURE 2. Ex vivo analysis of the tet-
ramer� CD8 T cells in the peripheral lympho-
cytes in response to Ag stimulation. Cryopre-
served PBMC of a representative HIV-negative
donor (5 � 106; A) and the HIV-infected patient
(1 � 106; B) were stained with the tetramer and
anti-CD8 and anti-TCR Abs. The PBMC of the
HIV-infected patient after stimulation with IL-2
alone (C) or with .221-B*3501 cells either pulsed
with the Pol peptide (D) or infected with HIV-1
(E) were stained as described above. The V�1�

and V�12� CD8� subsets were gated, then an-
alyzed for their levels of tetramer binding. Sim-
ilar data were obtained in a separate independent
experiment. The frequencies and MFI values of
the tetramer� cells in each subset of the HIV-
infected patient are summarized in Table I.
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Distinct binding kinetics in HIV-specific CD8 T cell subsets to
tetramer

During the flow cytometric analysis, we noticed that the V�12�

and V�1� subsets had different binding activities toward the tet-
ramer (Fig. 2D, for example). Staining CTL clones with the tet-
ramer showed that V�1� CTL 55 had �2-fold greater binding
activity than V�12� CTL 589 (Fig. 3), whereas both clones
showed comparable surface expression of the CD3 Ags (Fig. 3),
indicating that the apparent difference in tetramer binding was not
due to the surface density of the TCR/CD3 complex. Consistent
with this, when the tetramer� cells were divided into two subsets
in the ex vivo flow cytometric analysis, the V�1� cells were
mostly found in the tetramerhigh subset, whereas the V�12� cells
were in the tetramerlow subset (Fig. 4A). These observations are
interesting, because the extent of T cell activation is known to be
sensitive to subtle differences in the duration of TCR-ligand inter-
actions (12, 13, 17).

Because large temperature effects on TCR-pMHC interactions
have been noted (12, 25, 26), we first examined the effect of re-
action temperature on binding activity toward the tetramer. Pol
peptide-stimulated lymphocytes were stained with various concen-
trations of the tetramer at 4 or 37°C, and the mean fluorescence
intensity (MFI) of both subsets was determined by flow cytometry.
At either temperature, the V�1�CD8�tetramer� cells showed �3-
fold higher MFI for the tetramer than the corresponding V�12�

cells (Fig. 4B), indicating that both T cell subsets could bind the
tetramer with sufficient sensitivity and specificity.

We next examined the kinetic interactions of the tetramer with
the V�1� or V�12� subset at 4°C, because the level of tetramer
binding and its half-life were previously shown to correlate with
monomer affinity and off-rate, respectively (13, 27). Although the

association of the tetramer with the two subsets was not signifi-
cantly different (Fig. 4C), the dissociation of the tetramer from
V�1� cells substantially delayed compared with that from V�12�

cells (Fig. 4D). The half-lives of the tetramer dissociation from the
V�1� and V�12� subsets were calculated to be 30.0 � 1.6 and
8.1 � 0.4 min, respectively. These results suggest that the �3-fold
longer half-life of the V�1� subset for interaction with the tetramer
than that of the V�12� subset was a cause of the impaired antiviral
effector functions of the V�1� subset.

Impaired responsiveness of CD8 T cells to HIV-infected cells
solely caused by TCR

To clarify whether the high affinity interaction with the tetramer
and the impaired responsiveness to HIV-infected cells observed in
the V�1�tetramer�CD8 T cell subset were caused by the ligand
recognition property of the TCR, we transduced human primary
CD8 T cells with both TCR genes separately.

Both � and � TCR genes for CTL 55 (V�1.1/V�13.3) and 589
(V�12.1/V�5.6) were cloned into a pGC-based retrovirus vector
with the gene encoding murine CD24 or GFP downstream of IRES
for bicistronic expression of � or � TCR genes, respectively (Fig.
5A). Human primary CD8 T cells prepared from an HIV-negative
donor carrying HLA-B*3501 were sequentially transduced with � and
� TCR genes and analyzed by flow cytometry. As shown in Fig. 5B,
tetramer�CD8� subsets reached 15 and 34% of the total lymphocytes
for 55 TCR and 589 TCR-transduced cells, respectively, whereas the
tetramer�CD8� subset remained 0.05% of the total lymphocyte pop-
ulation in the case of mock-transduced cells. As measured by the MFI
values for the tetramer, the tetramer�CD8� fraction (gated cells in
Fig. 5B) of 55 TCR-transduced cells appeared to have 2.8-fold greater
binding activity toward the tetramer than that of the 589 TCR-trans-
duced ones. In contrast, both tetramer�CD8� fractions showed com-
parable MFI values for CD24 and GFP (within 1.5-fold; Fig. 5, B and
C), which should reflect the expression levels of � and � TCR genes,
respectively. These data indicate that the difference in tetramer bind-
ing activity observed between the V�1� and V�12�tetramer�CD8 T
cells was solely due to their TCR.

The tetramer�CD8� fractions of the TCR-transduced cells were
then sorted and tested for their cytotoxic activity toward cells ei-
ther pulsed with the Pol peptide or infected with HIV-1. Both 55
and 589 TCR-transduced cells showed substantial cytotoxic activ-
ity toward peptide-loaded cells (Fig. 6A), and the activities were as
potent as those of their parental CTL clones (cf., Figs. 1A and 6A).
Also, both transduced cells showed modest differences in cytotoxic
activities at low concentrations of the Pol peptide (Fig. 6A), con-
sistent with the observations made on parental CTL clones (Fig.
1A). In contrast, the 55 TCR-transduced cells did not show cyto-
toxic activity toward HIV-infected cells, whereas 589 TCR-trans-
duced ones killed cells infected with HIV-1 (Fig. 6B), again in
agreement with the observations made on the parental CTL clones
(Fig. 1C). These data strongly support our conclusion that the dif-
ferent cytotoxic activities toward HIV-infected cells observed in

Table I. Summary of ex vivo flow cytometric analysis of tetramer� CD8� cellsa

Subset

Before Stimulation �IL-2 Only �Peptide-Pulsed Cells �HIV-Infected Cells

Cell number MFI Cell number MFI Cell number MFI Cell number MFI

CD8�Tet� 113 173 46 83.9 1025 525 863 128
CD8�Tet�V�12� 10 50.9 13 51.9 310 123 755 97.2
CD8�Tet�V�1� 86 291 20 105 502 710 12 705

a Cell number is the number of cells in the indicated subset per 1 � 105 total CD8 T cells. Mean fluorescence intensity (MFI) for the tetramer in each tetramer� (Tet�) subset
is also shown.

FIGURE 3. Flow cytometric analysis of CTL clones. Two CTL clones,
CTL 55 and 589, selected from the V�1� and V�12� CD8 T cell subsets,
respectively, were stained (f) or not stained (u) with anti-CD3 mAb or the
tetramer at 4°C, and analyzed by flow cytometry. MFI values are shown in
the upper right corners.
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the V�1� and V�12�tetramer�CD8 T cells were solely due to the
difference in the TCR.

Discussion
We showed in this study that CD8 T cells with relatively high
affinity TCR for an HIV-derived peptide were present in vivo and
that these T cells had substantially diminished functional outcomes
in response to cells infected with HIV. The difference in functional
outcome of the two CD8�tetramer� T cell subsets (V�12� and
V�1�) was evaluated in terms of both the cytotoxic and cytokine
production activities of T cell clones in vitro and their proliferation
capacity, as assessed by direct ex vivo assays. The results revealed
the impaired responsiveness of the higher affinity T cell subset
(V�1�) to virus-infected cells. In contrast, the V�1� T cells
showed functional avidity to cells pulsed with the HIV-derived
epitope peptide comparable to that of the other HIV-specific CD8
T cell subset (V�12�), which was competent for effector functions
toward HIV-infected cells, indicating that the functional impair-
ment observed in this study did not result from T cell anergy,
skewed maturation of CD8 T cells in the periphery, or any defect
in signal transduction machinery reported previously (1, 2, 6).
There are a myriad of studies that focused on functional differences
among Ag-specific (tetramer�) CD8 T cells for HIV (6, 7, 28–30)
as well as for other viruses and tumors (31–33), and such studies
indicated functional heterogeneity of tetramer� CD8 T cells. In
our study we demonstrated that the duration of TCR-pMHC inter-
actions could have considerable effects on the antiviral effector
functions and proliferation capacity of HIV-specific CD8 T cells.

It is known that the T cell is sensitive to subtle differences in the
duration of TCR-ligand interactions and that, in general, a longer
duration of TCR-pMHC interactions corresponds to higher T cell
activation (14, 34, 35). However, Kalergis et al. (18) showed that
T cell hybridoma cells transfected with a mutant TCR displayed
impaired T cell activation and had an �2-fold longer half-life for

interaction with the tetramer than cells transfected with the wild-
type TCR. The present study focused on the human primary CD8
T cells specific for an HIV Ag and showed that a �3-fold in-
creased duration of the TCR-pMHC interaction resulted in im-
paired, rather than increased, T cell reactivity toward HIV-infected
cells, supporting the findings by Kalergis et al. (18). It is likely that
HIV-specific T cells have a means to improve their functional
avidity to virus-infected cells because only limited numbers of the
cognate epitope peptide could be presented on the surface of HIV-
infected cells. A serial triggering model (36), based on the T cell
integrating the number of TCRs that have interacted with pMHC,
predicts that too long an interaction of TCR-pMHC slows the dis-
sociation of TCR from pMHC, so that fewer TCRs are triggered;
this may explain our observation. Indeed, we reproducibly ob-
served the different cytotoxic activities of CTL 55 and 589 at low
concentrations of the Pol peptide. If the amount of the Pol peptide
presented on the surface of virus-infected cells was close to this
range, their functional difference in contact with virus-infected
cells could be simply explained by their different avidity to low
density Ags. However, considering that CTL 55 and 589 showed
significant difference in specific killing activity toward HIV-in-
fected cells (�5 and �30%, respectively), the HIV-derived Ag
would be preferentially presented at certain sites on the surface of
HIV-infected cells with a local density sufficient to activate CTL
589, but not CTL 55. In this regard, it may be helpful to analyze
the density and localization of the presenting epitopes on the sur-
face of virus-infected and peptide-pulsed cells using a reagent such
as a recombinant Fab specific to the peptide-MHC class I complex.

One of the CTL clones showing the higher affinity TCR-ligand
interaction, CTL 55 demonstrated significant differences between
their response to peptide-pulsed and virus-infected target cells in
this study. It is conceivable that T cells bearing the high affinity
TCR can be unduly susceptible to an inhibitory mechanism of
HIV-infected cells. Alternatively, a longer duration of TCR-ligand

FIGURE 4. Flow cytometric analysis of kinetic interaction between the tetramer and CD8 T cell subsets. A, TCR analysis of tetramerhigh and tetramerlow

CD8 T cell subsets in Pol peptide-stimulated peripheral lymphocytes of the HIV-infected patient. B, Tetramer binding activities of V�1� and V�12� CD8
T cell subsets determined at 4 or 37°C. C and D, Association (C) and dissociation (D) kinetic analysis of interaction between the tetramer and the V�1�

and V�12� CD8 T cell subsets at 4°C. Data are shown as the means of duplicate assays. An independent experiment gave similar results.
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interaction can lead to recruiting inhibitory receptors or molecules
to the sites where the ligand-engaged TCR/CD3 signaling com-
plexes were in action. However, similar different outcomes were
observed in CTL 55 when the target cells were infected with vac-
cinia virus expressing HIV Pol protein, implying the existence of
a general inhibitory mechanism of virus-infected cells, rather than
an HIV-specific one. It is therefore interesting to see the differ-
ences in gene expression profiles of CTL 55 in contact with cells
pulsed with the peptide and infected with viruses that had the
epitope sequence.

We used an HLA class I tetramer for HIV-specific CD8 T cell
subsets to analyze the relationship between affinity and cellular
responses. The avidity of tetramer binding gives relative values
that can be used as a surrogate for true affinity measurements, such
as by surface plasmon resonance (19, 27). Tetramer binding more
closely reflects the avidity of the T cell, rather than the intrinsic
affinity of the TCR, because the tetramer binding to TCR is mea-
sured on the surface of the T cell in the presence of CD3 elements,
coreceptors, and other molecules. In our study retrovirus-mediated
transfer of TCR genes into human primary CD8 T cells showed

that differences in the two CD8 T cells in terms of tetramer binding
activity and effector functions toward HIV-infected cells solely
depended on the TCR used for transduction. This experimental
result clearly indicates that the affinity difference between the two
TCRs interacting with the same pMHC ligand is the cause of their
distinct responsiveness to HIV-infected cells.

It is reported that the Pol peptide was presented by both HLA-
B*3501 and HLA-B*5101, and that CTL 589 cross-recognized the
Pol peptide in complex with both HLA molecules (22). Although
HLA-B*5101 bound the Pol peptide to a �50-fold lesser extent
than HLA-B*3501, it is still possible that CTL 55 and 589 were
differently restricted by either HLA-B*3501 or HLA-B*5101,
yet specific to the same Pol peptide, because the patient has both
HLA-B*3501 and HLA-B*5101. However, this is unlikely because
CTL 55 did not respond to HLA-B*5101-expressing cells pulsed
with the Pol peptide or to those infected with viruses expressing
the epitope (H. Tomiyama and T. Ueno, unpublished observa-
tions), indicating that the different functional outcomes between
CTL 55 and 589 were not due to the difference in their restriction
elements.

FIGURE 6. Cytotoxic activity of the 55 and 589 TCR-transduced CD8 T cells. The CD8�tetramer� subsets of the 55 and 589 TCR-transduced cells
were sorted (see Fig. 5) and analyzed for their cytotoxic activity toward C1R-B*3501 cells pulsed with the indicated concentrations of the Pol peptide at
an E:T cell ratio of 1:1 (A). The same set of TCR-transduced cells was assessed for their cytotoxic activity toward C1R-B*3501 cells, infected or not with
vesicular stomatitis virus envelope glycoprotein-pseudotyped HIV-1 HXB2D at the indicated E:T cell ratio (B). Data are shown as the means of duplicate
assays for three independent experiments.

FIGURE 5. Retrovirus-mediated transduction of human primary CD8 T cells with TCR genes. A, Linear representations of the retroviral vector
constructs used for transduction with � and � TCR genes. SD, splicing donor; SA, splicing acceptor; ��, packaging signal; MLV, murine leukemia virus;
MSCV, murine stem cell virus; LTR, long terminal repeat. B, Human primary CD8 T cells isolated from an HIV-negative donor, mock-transduced or
transduced with 55 TCR or 589 TCR, and analyzed by flow cytometry. The tetramer�CD8� subsets were gated, and their expression levels of GFP and
CD24 were analyzed. C, Summary of frequencies and MFI values of the gated cells. Data shown are similar to those obtained in separate independent
experiments.
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It remains unclear how such a high affinity TCR was generated
in the periphery of the patient with chronic HIV infection. It was
reported that T cells with high affinity TCR for foreign pMHC
appear to be present in the thymus, but that these T cells are elim-
inated and not exported to the periphery (19). This scenario is most
likely because TCRs with high affinity for foreign pMHC show
considerable self-reactivity and therefore are negatively selected in
the thymus (37). Considering the HIV-infected thymus, a signifi-
cant increase in the expression of MHC class I molecules was
reported, with this MHC class I up-regulation resulting in de-
creased surface expression of CD8 Ags on thymocytes (38, 39).
This could lead to a decrease in the overall avidity of the TCR-
CD8 signaling complex for self-pMHC ligands, allowing T cells
with high affinity TCR to escape negative selection in the thymus
and be exported to the periphery. Although we have only tested
limited numbers of T cells, we provide evidence that the high
affinity TCR-pMHC interactions can cause an additional level of
functional defect in HIV-specific CD8 T cells. Also, it is strongly
suggested that such defective CD8 T cells could undermine their
control of HIV in vivo.
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