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ABSTRACT Increasing evidence suggests that HIV-1-
specific cytotoxic T lymphocytes (CTLs) are a key host immune
response to HIV-1 infection. Generation of CTL responses for
prevention or therapy of HIV-1 infection has several intrinsic
technical barriers such as antigen expression and presentation,
the varying HLA restrictions between different individuals, and
the potential for viral escape by sequence variation or surface
molecule alteration on infected cells. A strategy to circumvent
these limitations is the construction of a chimeric T cell receptor
containing human CD4 or HIV-1-specific Ig sequences linked to
the signaling domain of the T cell receptor z chain (universal T
cell receptor). CD81 CTLs transduced with this universal re-
ceptor can then bind and lyse infected cells that express surface
HIV-1 gp120. We evaluated the ability of universal-receptor-
bearing CD81 cells from a seronegative donor to lyse acutely
infected cells and inhibit HIV-1 replication in vitro. The kinetics
of lysis and efficiency of inhibition were comparable to that of
naturally occurring HIV-1-specific CTL clones isolated from
infected individuals. Further study will be required to determine
the utility of these cells as a therapeutic strategy in vivo.

Class I HLA-restricted CD81 cytotoxic T lymphocytes (CTLs)
are an important protective immune response in several viral
infections and are probably a key element in HIV-1 infection.
HIV-1-specific CTL activity has been identified in exposed but
uninfected individuals (1–3) and has been correlated with the
clearance of viremia in primary infection (4, 5). Infected individ-
uals may have vigorous and broadly directed HIV-1-specific CTL
activity of sufficient magnitude to detect without in vitro stimu-
lation (6), and decline of this activity is associated with disease
progression (7, 8). Several reports have suggested that those with
long-term nonprogressing HIV-1 infection have more vigorous
and broadly directed CTL responses than rapid progressors
(9–11). Many investigators have verified the efficient inhibition of
HIV-1 replication in vitro by CD81 cells from infected individuals
(12–17), and we have recently described the ability of HIV-1-
specific CTL clones to mediate these effects (18). Thus, accumu-
lating evidence supports the role of CTLs in controlling HIV-1
infection.

Attempts to generate protective or therapeutic immune re-
sponses with vaccines have been disappointing. Vaccination to
generate cellular immune responses to HIV-1 infection has
several intrinsic limitations. Initiation of a durable CTL response
generally requires intracellular antigen expression and presenta-
tion. The class I HLA type of an individual limits the repertoire
of HIV-1 epitopes that can be recognized, requiring any vaccine
to present a large variety of epitopes to be generally useful. The
epitopes expressed by a vaccine may vary within different strains

of HIV-1, resulting in nonrecognition of certain isolates. HIV-1
may develop means of escape from CTL recognition such as the
generation of unrecognized or antagonistic escape mutants,
potential down-regulation of cell surface class I HLA, or alter-
ation of viral antigen processing and presentation. Although a live
attenuated vaccine has been shown to be protective in the rhesus
macaque model (19), there is the potential hazard of an attenu-
ated virus being pathogenic in certain individuals (20) or revert-
ing to a more pathogenic phenotype in vivo.

To generate HIV-1-specific CTLs without such limitations,
an in vitro gene therapeutic approach has been developed to
produce CTLs bearing a chimeric T cell receptor (universal
receptor, UR), as reported (21). Hybrid genes encoding HIV-
1-specific URs were constructed by splicing the signaling
domain of the T cell receptor z chain either to (i) the human
CD4 molecule or (ii) the binding regions of an antibody
specific for HIV-1 gp41. These genes were then inserted in a
retroviral vector that could efficiently and stably transduce
bulk human CD8 cells (22). Transduced cells (‘‘UR-T cells’’)
therefore express a chimeric T cell receptor that triggers CTL
activation and target cell lysis via the UR z domain upon
binding to HIV-1 envelope on the surface of infected cells.

Such a strategy circumvents the difficulties of generating a
cellular immune response in vivo and the necessity of accommo-
dating different HLA restrictions; unlike native T cell receptors,
class I HLA is not required for recognition by UR. Furthermore,
because binding of HIV-1 gp120 to CD4 is a necessary step in the
life cycle of all strains of HIV-1, the CD4-z UR should be broadly
cross-reactive against all isolates and less prone to escape by
sequence variation. Viral escape from CTLs by potential mech-
anisms such as surface class I down-regulation and altered viral
antigen processing are also circumvented, again because binding
does not depend on HLA expression or epitope presentation.

One potential drawback of such UR-T cells might be delayed
recognition of infected cells. Epitope processing and presentation
presumably occur early in the viral life cycle, as has been shown
for other viruses such as vaccinia (39). Presentation of 10 or fewer
epitope molecules may be sufficient for target cell lysis by CTLs
(23–25). HIV-1-infected cells could, therefore, be susceptible to
lysis before production of intact virions. A study of HIV-1-specific
CTLs suggested that lysis can occur early in the viral replicative
cycle (26). However, recognition by UR-T cells would require
that infected cells express surface assembled viral envelope.
Timing of cell lysis is obviously crucial in the control of viral
replication, given the rapidity of the HIV-1 life cycle.

We tested the function of UR-T cell lines in a system previously
developed to examine the efficiency and kinetics of infected cell
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killing by HIV-1-specific cytotoxic T lymphocytes (26). Acutely
infected HIV-1-permissive CD41 immortalized T cell lines were
used as target cells in chromium release assays, and the efficiency
and kinetics of recognition by UR-T cells was compared with that
of HIV-1-specific CTL clones from infected individuals. We then
evaluated the ability of UR-T cells to inhibit HIV-1 replication in
vitro in coculture experiments using the same target cell lines, as
well as primary monocytes and lymphocytes. As previously
demonstrated for HIV-1-specific CTL clones (18), UR-bearing
CD81 T cells efficiently suppressed viral replication.

MATERIALS AND METHODS
Immortalized Target Cells. The HIV-1-permissive cell lines T1

(HLA A21, B142) (27) and H9-B14 (H9 cells stably transfected
with class I HLA B14 cDNA, HLA A22, B141) were maintained
in RPMI 1640 medium (Sigma) supplemented with 20% heat-
inactivated fetal calf serum (Sigma), 10 mM Hepes, 2 mM
glutamine, penicillin (100 unitsyml), and streptomycin (R20; 10
mgyml). H9-B14 cells were generated as described (26). Near-
confluent cells were split 1:2 in fresh medium the day before
infection.

Primary Target Cells from HIV-1 Seronegative Donors. Pe-
ripheral blood mononuclear cells (PBMCs) were isolated by
Ficoll gradient centrifugation. Primary monocyte cultures were
established by adherence of 5 3 106 freshly isolated PBMCs per
well in a polystyrene 24-well plate for 2 h at 37°C, followed by
three washes and resuspension in R10. The remaining cells were
.85% CD141 and .99% CD32 by flow cytometric analysis
(data not shown) and were infected 2 days after isolation. Primary
CD41 lymphocytes were generated from PBMCs by using a
CD3:8-bispecific monoclonal antibody as described (28) without
antiretroviral drugs and were .95% CD31yCD41 by flow cyto-
metric analysis (data not shown). These cells were infected
approximately 7 days after isolationystimulation.

Naturally Occurring HIV-1-Specific CTL Clones. From HIV-
1-infected individuals, HIV-1-specific CTL clones were obtained
by cloning of stimulated PBMCs at limiting dilution and charac-
terized for specificity and HLA restriction as described (29, 30).
The HLA A2-restricted CTL clone specific for an HIV-1 reverse
transcriptase (RT) epitope (aa 77–85, SLYNTVATL) was 68A62
(designated 68yRTyA2). The HLA B14-restricted CTL clone
specific for an HIV-1 Gag epitope (aa 298–306, DRFYKTLRA)
was 15160 A49 (designated 15160yGagyB14). Amino acids are
numbered according to the HXB2 sequence. All CTL clones were
maintained as described (26).

UR-T Cells. As reported (21), bulk CD81 cells from a HIV-1
seronegative individual were retrovirally transduced with UR
constructs composed of the T cell receptor z chain and either (i)
human CD4 (CD4-z) or (ii) a single chain antibody derived from
a human anti-HIV-1 gp41 monoclonal antibody (SAb-z). The
parent cell line T3 and the transduced cell lines T3F3 (expressing
CD4-z) and T3F15 (expressing SAb-z) were maintained under
the same conditions as the CTL clones above, with periodic
restimulation using anti-CD3 antibody and irradiated feeder cells.

Synthetic Peptides. Synthetic peptides corresponding to the
HIV-1 epitopes RT aa 476–484 (ILKEPVHGV) and Gag aa
298–306 (DRFYKTLRA) were synthesized as free acids
(model 432A peptide synthesizer, Applied Biosystems). Ly-
ophilized peptides were reconstituted at 2 mgyml in sterile
distilled water with 10% dimethyl sulfoxide (Sigma) with or
without 1 mM DTT (Sigma).

Virus Stocks. The HIV-1 strain IIIB was taken from the
supernatant fluid of freshly infected H9 cells. Viral titer (TCID50
unitsyml) was determined by titration on C8166 cells as described
(31). HIV-1 strain JR-CSF (32) was propagated and titered in
phytohemagglutinin-stimulated PBMCs as described (33). First-
passage primary isolate strains from subjects 115 (115v) and
18030 (18030v) were isolated by coculture of CD41 cell lines from
these individuals (generated as described above) with allogeneic

phytohemagglutinin-stimulated PBMCs. All stocks were stored
at 280°C until use.

Infection of Target Cells with HIV-1 for Lysis Assays. T1 or
H9-B14 cells were incubated with HIV-1 IIIB stock at the
indicated multiplicity of infection (MOI) of 5 TCID50 unitsycell
for 4 h at 37°C, with intermittent agitation. The cells were then
washed three times and resuspended at 5 3 105 cells per ml in
R20. On the following 4 days, aliquots were taken for use as target
cells in chromium release assays and for flow cytometric analysis
of percentage of infected cells by intracellular HIV-1 p24 staining
(clone KC57 labeled with fluorescein isothiocyanate, Coulter) as
described (26). The remaining cells were centrifuged for harvest-
ing of supernatant to assay TCID50 concentration by titration on
C8166 cells as described (31) and p24 antigen concentration by
ELISA (DuPont) and resuspended in fresh R20 at 5 3 105 cells
per ml.

Chromium Release Assays. Specific lysis was determined as
described (26). Briefly, target cells consisted of infected or
uninfected cells labeled with 100 mCi of Na2(51CrO4) (New
England Nuclear; 1 Ci 5 37 GBq) for 1 h, with or without peptide
sensitization by adding peptide at 100 mgyml during chromium
labeling. Cytolytic activity was determined by adding 104 target
cells to 5 3 104 CTL effector cells for 4-h incubations, followed
by analysis of chromium release.

Infection of Target Cells with HIV-1 for Inhibition Assays. T1,
H9-B14, primary monocyte cultures, or primary CD41 cells were
incubated the indicated strain of HIV-1 at the described MOI for
4 h at 37°C, with intermittent agitation. The cells were then
washed three times and resuspended in R10 with interleukin 2
(R10–50) at 50 unitsyml for coculture with CTLs or UR-T cells.

Inhibition Assays. T1 and H9-B14 cells acutely infected with
HIV-1 IIIB at MOI 5 were cultured with HIV-1-specific CTL
clones or with UR-T cells at a ratio of 1:1, 5 3 104 of each cell
per well in duplicate in a 96-well round bottom plate, in 200 ml.
Primary monocytes were infected with HIV-1 JR-CSF at MOI
1022 and cocultured with UR-T cells at an effectorytarget ratio
of 1:2, assuming a yield of 5 3 105 monocytes per well, in a 24-well
plate in 2 ml. Primary CD41 cells were infected with HIV-1
strains IIIB, JR-CSF, 115v, or 18030v at MOI 1021 and added to
a 24-well plate at 5 3 105 cells per well for coculture with UR-T
cells at a ratio of 1:2 in 2 ml. All assays were performed in R10
with 50 unitsyml IL-2. Half of the supernatant was harvested for
quantitative HIV-1 p24 antigen capture ELISA (DuPont) and
replenished with fresh medium at the indicated time points after
infection.

RESULTS
Susceptibility to Lysis of Acutely Infected Cells by UR-T Cells

and CTL Clones Is Similar. Several immortalized CD41 cell lines
were previously demonstrated to be suitable for acute synchro-
nous infection with HIV-1 IIIB (18). Due to the availability of
HLA B14- and A2-restricted CTLs specific for IIIB epitopes,
H9-B14 (HLA A22 B141) and T1 (HLA A21 B142) cell lines
were chosen as target cells. We compared the ability of UR-T
cells to that of naturally occurring HIV-1-specific CTL clones to
lyse acutely infected T1 (Fig. 1) and H9-B14 (Fig. 2) cells in
chromium release assays at daily time points after high-efficiency
infection. T1 cells generally reached peak infection by day 3 after
infection, with more than 95% of cells expressing intracellular p24
antigen by flow cytometric assessment (Fig. 1). Susceptibility to
lysis by a naturally occurring CTL clone (68yRTyA2) closely
paralleled that of intracellular p24 expression. Recognition of the
infected T1 cells by the UR-T cell lines T3F3 and T3F15 also
coincided with intracellular p24 expression. H9-B14 cell infection
peaked on day 4 (Fig. 2), and again lysis by both a CTL clone
(15160yGagyB14) and UR-T cells (T3F3 and T3F15) followed
kinetics similar to those of intracellular p24 expression. Recog-
nition of acutely infected cells by both UR-T cell lines was,
therefore, kinetically indistinguishable from that of naturally
occurring CTL. Consistent with our previous report (26), the
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efficiency of lysis varied between CTL clones; the Gag-specific
clone reached a peak level of lysis equivalent to that of cognate-
peptide-sensitized controls, whereas lysis by the RT-specific clone
plateaued below positive controls. There were no controls for
maximal specific lysis by the UR-T cells; however, the absolute
levels of lysis were intermediate to that of the Gag- and RT-
specific CTLs, within the range of naturally occurring CTL clones.

Susceptibility to Lysis by both UR-T Cells and CTL Precedes
Significant Virion Production in Acutely Infected Cells. The
kinetics of lysis by UR-T cells and CTL clones were compared
with the kinetics of virion production by acutely infected target
cells. Daily HIV-1 production was determined for the acutely
infected T1 and H9-B14 cultures from which cells were taken for
the experiments depicted in Figs. 1 and 2. The supernatants from
these cultures were quantitated for infectious viral titer and p24
antigen. Comparison of these parameters revealed a small but

consistent lag of virion production behind lysis for both UR-T
cells (Fig. 3) and CTL clones (data not shown; also ref. 26). This
suggested that these effector cells were able to recognize infected
cells early in the course of viral replication, as demonstrated for
CTL clones (26). The ratios of infectious units produced to cells
susceptible to lysis were also similar for UR-T cells and CTL
clones (ref. 26 and data not shown).

UR-T Cells Inhibit HIV-1 IIIB Replication in Immortalized
CD41 Cell Lines. We next compared the inhibitory activity of
UR-T cells with that of naturally occurring CTL clones on the
same immortalized target cell lines. Cocultures of infected T1
(HLA A21 and B142) cells with the CTL clones revealed viral
suppression by the A2-restricted clone and not by the B14-
restricted clone (Fig. 4A). Conversely, infected H9-B14 cells
(HLA B141 and A22) were inhibited by the B14-restricted clone
and not the A2-restricted clone (Fig. 4B). In contrast, UR-T cells

FIG. 2. Lysis of acutely HIV-1-infected H9-B14 cells by UR-T cells. H9-B14 cells were acutely infected with HIV-1 IIIB harvested daily for
use as target cells in standard chromium release assays. Effector cells consisted of the UR-T cells T3F3 and T3F15 and a HLA B14-restricted CTL
clone specific for Gag (15160yGagyB14). The effectorytarget cell ratio was 5:1. Controls included effector T3 cells (the parent nontransduced cell
line of T3F3 and T3F15) and target infected or uninfected H9-B14 cells with or without the addition of the cognate peptide for 15160yGagyB14.

FIG. 1. Lysis of acutely HIV-1-infected T1 cells by UR-T cells. T1 cells were acutely infected with HIV-1 IIIB and harvested daily for use as
target cells in standard chromium release assays. Effector cells consisted of the UR-T cells T3F3 and T3F15, as well as a HLA A2-restricted CTL
clone specific for RT (68yRTyA2). Controls included effector T3 cells (the parent nontransduced cell line of T3F3 and T3F15) and target infected
or uninfected T1 cells with or without the addition of the cognate peptide for 68yRTyA2.
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suppressed HIV-1 replication in both T1 and H9-B14 cells (Fig.
4 A and B). The efficiency of inhibition by T3F3 and T3F15 was
superior to that of the Gag-specific (Fig. 4B) and RT-specific (Fig.
4A) CTL clones but less efficient than that of Env-specific HLA
B14-restricted CTL clones (data not shown). UR-T cells there-

fore exerted antiviral activity comparable to that of naturally
occurring CTL but without HLA restriction. Furthermore, the
efficient suppressive activity of T3F3 (CD4-z UR containing)
supports our observation that these cells themselves do not
appear to be infectable (data not shown).

UR-T Cells Inhibit Replication of Other HIV-1 Isolates in
Primary Monocytes and Lymphocytes. We also tested the ability
of UR-T cells to inhibit the replication of other strains of HIV-1
in primary cells. Primary monocyte cultures from a seronegative
individual were acutely infected with the monocytotropic (M-
tropic) strain HIV-1 JR-CSF and cocultured with UR-T cells
(Fig. 5). Viral replication was efficiently suppressed by the
UR-transduced cell lines T3F3 and T3F15, whereas the nontrans-
duced control parent cell line T3 was minimally inhibitory. The

FIG. 4. Suppression of HIV-1 IIIB replication by UR-T cells in
direct coculture with acutely infected T1 and H9-B14 cells. T1 (HLA
A21, B142) and H9-B14 (B141, A22) cells were infected and cocul-
tured 1:1 with UR-T cells, nontransduced T3 cells, and natural CTL
clones 68yRTyA2 or 15160yGagyB14. HIV-1 p24 antigen in the
supernatant was quantitated on days 3–5 after infection.

FIG. 3. Temporal relationship of UR-T cell recognition and virion production in acutely infected T1 cells. Supernatants from the HIV-1
IIIB-infected T1 and H9-B14 target cells used in Figs. 1 and 2 were harvested daily for viral quantitation by p24 ELISA and viral titration. Viral
production in the absence of CTLs is plotted against the curves for specific lysis for each UR-T cell as depicted in Figs. 1 and 2.

FIG. 5. Suppression of a monocytotropic HIV-1 strain in primary
monocytes. Primary monocytes from a seronegative donor were
acutely infected with the HIV-1 M-tropic strain JR-CSF and cocul-
tured with UR-T cells or the control cell line T3. Supernatant was
harvested at the indicated intervals for HIV-1 p24 quantitative ELISA.
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degree of inhibition was comparable to that seen with HIV-1-
specific CTL clones on infected HLA-matched monocytes (data
not shown). We further evaluated the ability of the UR-T cell line
T3F3 to inhibit replication of diverse strains of HIV-1 in primary
CD41 lymphocytes from a seronegative donor (Fig. 6). T3F3 was
inhibitory for the laboratory strains IIIB (T-lymphocytotropic)
and JR-CSF (monocytotropic) and for first passage primary
isolates from two infected individuals, 115v and 18030v, reducing
p24 production by 100- to 1000-fold compared with the control
cell line T3.

DISCUSSION
Naturally occurring class I HLA-restricted HIV-1-specific CTLs
have been shown to exert potent antiviral effects in an antigen-
specific HLA-restricted fashion (18, 26). We have documented
the ability of CTL to lyse acutely infected CD41 cells and inhibit
viral replication by up to 106-fold (sterilizing in vitro) and sug-
gested that HIV-1-specific CTL mediate the antiviral activity of
bulk CD81 cells in infected individuals (18). Clinical correlations
of CTL activity with clearance of viremia in primary infection (4,
5) and decline with disease progression (7, 8) provide further
evidence that CTLs are an important immune response in HIV-1
infection. Augmentation of HIV-1-specific cellular immunity,
particularly strategies that would circumvent the effects of viral
variation on immune recognition (29, 34–37) and antagonism
(38), therefore, might have clinical benefit.

In this study we evaluate the ability of CD81 cells transduced
with HIV-1-specific chimeric T cell receptors (URs) to lyse
acutely infected cells and inhibit viral replication. We compare
these abilities to that of naturally occurring HIV-1-specific CTL
clones in vitro. Our findings suggest that these UR-T cells are
comparable to naturally HIV-1-specific CTL clones in the kinet-
ics and efficiency of infected cell lysis and in the ability to suppress
viral replication. UR-T cells performed within the range of
previously observed efficiencies for natural CTL clones of dif-
ferent specificities both in levels of cell lysis and degree of
inhibition.

The comparable kinetics of HIV-1-infected cell lysis by UR-T
cells and natural CTL clones is somewhat unexpected. Epitope
processing and presentation by class I HLA molecules is an event
that occurs early in the viral life cycle, as described in prior studies
showing that virus-specific CTL lyse cells acutely infected with
vaccinia (39) or HIV-1 (26) early in virion production. UR-T cells
require presentation of intact envelope on the surface of infected
cells for recognition, presumably a later event. We observe,
however, that natural CTL clones and UR-T cells lyse acutely
infected cells with similar kinetics. Evidence that fewer than 10

epitope–major histocompatibility complex complexes may be
required to trigger lysis of a target cell by CTLs (23–25) indicates
that natural CTLs are highly sensitive to presented antigen. Our
data indicate that UR-T cells also are likely to function in the
presence of small amounts of intact HIV-1 envelope on the cell
surface. The similar kinetics of natural CTLs and UR-T cells
indicates that viral envelope appears on infected cell surfaces with
similar kinetics to processed antigen.

The ability of UR-T cells to kill infected cells early in virion
production is also supported by our observation that they are
potent inhibitors of viral replication. These cells were highly
efficient at suppressing virus production in cells of various HLA
types. This inhibition occurred at levels within the range observed
for natural CTL clones of different specificities. The ability of cells
from seronegative individuals transduced with HIV-1-specific
URs to mediate viral suppression indicates the central role of an
antigen-specific response in the antiviral activity of CD81 cells in
infected individuals. Although controversy exists as to the mech-
anism of CD81 cell suppression of viral replication, our data
clearly demonstrate that CD81 cells from uninfected individuals
are capable of exerting antiviral activity when redirected by a
HIV-1-specific UR. This strongly suggests that lysis plays a key
role in the phenomenon but does not exclude involvement of
other mechanisms mediated by soluble inhibitory factors. Others
have shown that CTLs may also produce soluble factors active
against hepatitis B virus (40, 41), and our recent data suggest that
CTLs produce soluble factors active against HIV-1 (18).

UR-T cells circumvent several potential limitations inherent in
active immunization strategies for inducing HIV-1-specific CTL
responses (21). These cells act without HLA restriction and are
not constrained by the repertoire of epitopes determined by the
available HLA molecules. Furthermore, because binding of the
HIV-1 envelope to CD4 is an essential step in the viral life cycle,
CD4-z UR-T cells may be less prone to escape than natural CTLs,
which target only single epitopes. Our data show that UR-T cells
are able to recognize a wide variety of HIV-1 strains of differing
phenotypes in other cell types. We have also observed that UR-T
cells but not natural CTLs are capable of inhibiting viral repli-
cation in the cell line T2 (data not shown), an antigen-processing-
deficient derivative of T1 cells (42).

Help from CD41 T cells may be an important issue to be
addressed in the use of these cells. HIV-1-infected individuals
have been demonstrated to have poor HIV-1-specific helper
responses, presumably due to loss of HIV-1-specific CD41 cells
during early infection (43). UR-transduced CD41 cells have been
shown to produce high levels of cytokines such as interleukin 2,
suggesting that coinfusion of UR-modified CD41 cells may
enhance survival and activity in vivo of CD81 UR-T cells (21).

The therapeutic potential of UR-T cells will depend on the
elucidation of several aspects of HIV-1 immunopathogenesis.
The clarification of why vigorous cellular immunity in many
infected individuals ultimately fails will be a key issue. Some
possible mechanisms for the eventual failure of native HIV-1-
specific CTLs may be overcome by UR-directed CTLs, such as
loss of virus-specific help (43), viral escape (29, 34–37), and
antagonist (38) mutations and clonal exhaustion (44). Other
factors, such as generalized immunosuppression (45) and im-
mune-privileged sites (46), may not be remediable. Moreover,
UR-T cells may traffic differently than naturally occurring CTLs
and may have altered survival in vivo (47) as a result of ex vivo
manipulations. Clarification of such issues await the results of
human clinical trials that are now underway.
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