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Ever since Paul Ehrlich introduced the
term ‘‘magic bullet,’’ the exquisite ca-

pacity for specificity afforded by the im-
mune system has always underpinned its
appeal as a therapeutic weapon against
cancer. The first clinical validation of this
principle came in the form of mAb ad-
ministration, which, after a decade of
skepticism, produced therapeutic suc-
cesses in breast cancer and B cell lympho-
mas. T cell-based immunotherapy offers
an even broader therapeutic potential,
owing to the ability of T cells to recognize
peptides derived from proteins in any cel-
lular compartment. These peptides are
produced when proteins are processed by
specialized machinery; they then combine
with MHC molecules, which transport
them to the cell surface where the peptide–
MHC complexes can be recognized by T
cells. Although hundreds of experiments
in rodent tumor models support the no-
tion that tumor-specific T cells can be
activated to inhibit tumor growth, direct
evidence for therapeutic capacity in hu-
man cancer has been marginal. Now, two
clinical studies using adoptive transfer of
melanoma-specific T cells provide clear
evidence for the ability of T cells to me-
diate antitumor activity and provide im-
portant general principles for T cell im-
munotherapy (1, 2).

The most direct approach for analyzing
the activity of tumor-reactive T cells is to
grow T cell clones ex vivo with defined
specificity and adoptively transfer them
back into the tumor-bearing host. It is
typically much more difficult to grow
tumor-reactive T cells from cancer pa-
tients than to grow virus-reactive T cells.
This has been thought to be because the
immune system views tumors more as
‘‘self’’ than foreign; thus, T cells become
tolerant to tumor antigens. Nonetheless,
tumor tolerance is relative and not abso-
lute, leaving open a potential window of
immunotherapeutic opportunity (3). Mel-
anoma has been the most popular target
for T cell-based immunotherapy in part
because it is much easier to grow tumor-
reactive T cells from melanoma patients
than any other type of human cancer.
These T cells have been be used to define
specific antigens recognized by T cells. A
surprising finding to fall out of these an-
tigen discovery efforts is that the mela-

noma antigens most commonly recog-
nized are not tumor specific, but rather
are tissue-specific melanocyte antigens
such as tyrosinase, MART-1�MelanA,
and gp100 (4). Thus, at least in melanoma,
tumor immunity is in part synonymous
with tissue-specific autoimmunity. This
autoreactivity is not an absolute barrier to
tumor immunotherapy because many of
the common cancers such as prostate can-
cer, breast cancer, pancreatic cancer, and
melanoma arise from tissues dispensable
to life.

The ability to grow melanocyte-specific
T cells from melanoma patients does not
mean that in vivo tolerance has been bro-
ken as a consequence of tumorigenesis.
Many of the T cell
clones grown from
these patients recog-
nize peptides that
bind poorly to their
presenting MHC al-
lele or possess T cell
receptors with rela-
tively low affinity
for their cognate pep-
tide–MHC complex.
These T cells thus recognize melanoma�
melanocyte antigens weakly compared
with typical virus-specific T cells and pre-
sumably fail to become activated in vivo,
thereby ‘‘ignoring’’ melanocytes and mel-
anoma cells. Evidence from animal mod-
els suggests that high-affinity, tumor-
reactive T cells are more actively tolerized
than weaker low-affinity T cells by mech-
anisms involving deletion, anergy induc-
tion, or suppression (5).

Given the emerging view that individu-
als with cancer contain tumor-reactive T
cells that are naturally tolerant of their
cancer, a central question in T cell immu-
notherapy is whether they can be activated
and expanded to induce clinically useful
antitumor responses. Even low-affinity T
cells can potentially discharge their effec-
tor function if properly activated. For ex-
ample, CD8 T cells that recognize pep-
tides presented by MHC class I molecules
require �100 peptide–MHC complexes
plus multiple costimulatory signals to be-
come primed; however, once activated (to
so-called killer T cells or cytotoxic T lym-
phocytes) they can kill target cells express-
ing as few as one peptide–MHC complex

in the absence of any additional accessory
signals (6, 7) (Fig. 1).

To address the in vivo activity of mela-
noma-specific T cells, Yee et al. (1) grew
T cell clones from patients with advanced
melanoma specific for two well-defined
melanoma�melanocyte antigens, MART-
1�Melan A or gp100. They initially primed
T cells in vitro by using peptide-loaded
dendritic cells, the most powerful stimu-
lator of immune responses. Many of the T
cell clones grown under these conditions
fail to kill tumor cells even when activated,
reflecting the generally low affinities of
T cells remaining after tolerance has op-
erated on the available repertoire. How-
ever, a subset of CD8 T cell clones were

indeed capable of
killing autologous tu-
mor cells, confirm-
ing the existence of
tumor-reactive T cells
in vivo that could
be activated and ex-
panded in vitro. T cell
clones capable of rec-
ognizing tumor were
rapidly expanded in

culture (using an anti-CD3 antibody that
stimulates through the T cell receptor
signaling pathway) and roughly 6 billion
cells with pure clonal specificity were
transferred back to patients every 2–3
weeks. The first infusion was given with-
out any systemic IL-2, and the subsequent
infusions were given with relatively low
doses of IL-2 that should activate the high
affinity IL-2 receptor (����� chains)
expressed on activated T cells. IL-2 is a T
cell growth factor produced by CD4
helper T cells.

A number of important insights can be
gleaned from the analysis of the 10 treated
patients in the Yee study. First and fore-
most, they demonstrated that adoptively
transferred T cell clones could persist in
vivo and further could traffic into tumors.
T cell clones were tracked in vivo by
staining cells with peptide–MHC tetram-
ers that exhibit specific and stable binding
to cognate T cells, thereby allowing flow
cytometric analysis (8). The persistence of
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adoptively transferred T cell clones in the
peripheral blood was surprisingly consis-
tent among all of the patients. Thus, the
half-life for adoptively transferred T cells
in the absence of systemically delivered
IL-2 (first infusion) was roughly 1 week,
whereas the half-life was significantly ex-
tended to �2.5 weeks in the presence of
systemically administered IL-2 (infusions
2, 3, and 4). This finding confirms earlier
conclusions from adoptive transfer studies
with cytomegalovirus-specific T cells that
persistence of antigen-specific CD8 cells
requires ‘‘help’’ either through antigen-
specific CD4 cells or via systemic admin-
istration of helper-derived cytokines, such
as IL-2 (9). The findings further support
the value of ‘‘low-dose’’ IL-2 in the setting
of antigen-specific immunotherapy. This
issue has been somewhat controversial
because a number of recent studies have
suggested that IL-2 ultimately might in-
hibit the generation of long-term memory
T cells. A caveat in the analysis of periph-
eral blood alone is that the systemically
administered IL-2 might simply alter the
relative distribution of antigen-specific
CD8 cells between lymph nodes, periph-
eral tissues, and peripheral blood. Indeed,
it is now appreciated that activated T cells
are divisible into different subsets charac-
terized by predominant residence in sec-
ondary lymphoid tissues (central memory
cells) versus peripheral tissues and periph-
eral blood (effector memory cells) (10).

Importantly, analysis of tumor biopsies
after T cell administration revealed a dra-
matic concentration of adoptively trans-
ferred antigen-specific T cells within sites
of metastatic tumor. In one example, 37%
of the tumor-infiltrating CD8 cells stained
positive with the appropriate MHC tet-

ramer at a time when �1% of the CD8
cells in peripheral blood stained positive.
The clinical course of treated patients
suggested a modest clinical benefit of T
cell transfer with disease stabilization in
roughly half of the cases. However, there
were no formal partial clinical responses
(defined as �50% reduction in cross-
sectional area of all measurable metasta-
ses) or complete responses (defined as
regression of all measurable metastatic
disease). None of the patients demon-
strated true vitiligo (autoimmune depig-
mentation) suggestive of widespread me-
lanocyte destruction, although one patient
did develop a targetoid erythema around
nontumorous pigmented lesions, which on
biopsy was infiltrated with lymphocytes.
Does the absence of significant tumor
regressions in the setting of successful
traffic of adoptively transferred T cells
into tumor masses suggest that they are
incapable of antitumor activity upon ar-
rival at metastatic sites? Evaluation of
antigen expression in biopsies of tumor
sites preadoptive and postadoptive T cell
transfer in fact suggests that this is not
the case. Thus, immunohistochemical
staining for three different melanosomal
antigens (tyrosinase, MART1�MelanA,
and gp100) demonstrated selective loss
of the melanosomal antigen targeted by
the adoptively transferred T cells in three
of five analyzed patients. This high fre-
quency of treatment-induced selection for
antigen loss variants strongly supports the
activity of T cells against tumor cells ex-
pressing the target antigen. However, as
with other therapeutic approaches, the
genetic instability of cancer provides it
with the frustrating capacity to circumvent
attack by therapies that are too narrowly

focused and targeted against molecules or
pathways dispensable to the growth and
survival of the tumor.

In parallel studies, Rosenberg and col-
leagues (2) have also evaluated the effi-
cacy of adoptively transferred melanoma-
specific T cells. In a ‘‘back to the future’’
move, they have returned to using tumor-
infiltrating lymphocytes (TIL) for adop-
tive therapy, abandoning the use of indi-
vidual CD8 clones. The updated version of
TIL therapy bears a number of important
differences from the original TIL therapy
of the 1990s. First, a number of TIL
cultures (grown by incubating dissociated
tumor resection specimens in IL-2) were
initiated for each patient and only those
that generated documented tumor-
specific reactivity in vitro were expanded
[using the anti-CD3 protocol of Riddell
and Greenberg (14)]. Thus, the infused T
cells were more highly enriched for tumor-
specific T cells than the original TIL pro-
tocols. Nonetheless, in contrast to the Yee
trial, the infused cells of the Dudley trial
were polyclonal and indeed quite variable
from patient to patient. Although most
of the cultures contain documented
MART1�MelanA reactivity or gp100 re-
activity, the composition of infused T cells
varied from 85% CD4� T cells to 96%
CD8� T cells among different patients.
Another major feature of this recent TIL
protocol was the use of lymphoablative
preconditioning of patients with cytoxan�
f ludarabine chemotherapy combinations.
The rationale for this maneuver was that
lymphoablation before reinfusion of lym-
phocytes would result in endogenous pro-
duction of various growth factors (such as
IL-7 and IL-15) that would enhance the
expansion of adoptively transferred cells
to ‘‘fill the space’’ (11, 12). With this
protocol, Dudley et al. report impressive
clinical responses; 6 of 13 patients
achieved true partial responses and an
additional 4 of 13 patients displayed mixed
responses (defined as some metastases
shrinking while others grew). The overall
enhanced potency of this approach is fur-
ther suggested by the high frequency of
true vitiligo induction in this cohort (4 of
13 patients). Although not perfect, there
is a moderate correlation between vitiligo
induction and tumor response in many
forms of melanoma immunotherapy, em-
phasizing the interrelationship between
autoimmunity and tumor immunity (13).

Two of the most interesting patients in
the Dudley study developed a lymphocy-
tosis post-TIL infusion that was charac-
terized by predominant representation of
a single T cell clone from the TIL culture
(60% of the total peripheral blood CD8 T
cells in one patient and 75% of the CD8 T
cells in another patient). Surprisingly,
these dominant T cell clones appeared to
persist for many months even after dis-

Fig. 1. T cell recognition of cancer. In this scanning electron micrograph, a tumor-specific CD8� killer T
cell is shown in the act of recognizing a tumor cell expressing the cognate tumor antigen (arrow). Multiple
other T cells not specific for any tumor antigens ignore the tumor cell. Tumor antigen recognition first
involves generation of a tight junction with the tumor cell after which perforin is released to create pores
in the tumor target. Granzymes released by the killer T cell can enter the cytoplasm of the tumor via these
pores and activate effector caspases to induce apoptosis. (Magnification: �5,000.)
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continuation of systemic IL-2. Other than
leukemogenic transformation, the long-
term stable persistence of a single T cell
clone representing �50% of the total T
cell pool is highly unusual and represents
a dramatic break in T cell repertoire ho-
meostasis. Although establishment of
such drastic in vivo clonal dominance in-
deed resulted in a strong antitumor effect,
it may also be somewhat immunosuppres-
sive for the remaining repertoire; indeed,
one of the two patients developed an
AIDS-like immunodeficiency character-
ized by Epstein–Barr virus lymphomagen-
esis and multiple debilitating opportunis-
tic infections.

What can we learn from these studies
specifically regarding adoptive T cell ther-
apy and cancer immunotherapy in gen-
eral? Although it is difficult to compare
the Yee and Dudley studies directly,
owing to the large number of major dif-
ferences in the adoptive transfer proto-
cols, a number of unifying conclusions can
at least be tentatively drawn. Clearly,
these studies indicate that appropriately
activated T cells are indeed capable of
trafficking into even large metastatic tu-
mor deposits and eliminating tumor cells
expressing the target antigen. Second, un-
less the T cells are specific for a target
critical to the tumors growth and survival,
a monovalent specificity to the immuno-
therapy is likely to be insufficient in pa-
tients with large tumor burden. This con-

clusion is strongly supported by the high
rate of development of antigen loss vari-
ants subsequent to adoptive therapy with
a single CD8 T cell clone. It is likely that
at least part of the enhanced clinical suc-
cess of the Dudley study relates to the
mixed specificities of the infused TIL cul-
tures. In particular, the majority of infused
TIL contain a significant number of CD4
T cells, which were completely absent
from the adoptively transferred CD8
clonal populations in the Yee study. There
is much evidence that a combination of
CD4 and CD8 responses is critical to
generating optimal levels of the sustained
memory and antitumor immunity (14–
16). Thus, future immunotherapy strate-
gies need to focus on the generation of
combined CD4 and CD8 T cell activation.
The role of lymphoablation used in the
Dudley study certainly bears further eval-
uation. Lymphoablation is not the sole
factor as an earlier study of adoptively
transferring gp100-specific T cell clones
into similarly lymphoablated patients
failed to generate any objective clinical
responses (17). Nonetheless, it is likely
that the lymphoablation procedure was
responsible for the lymphocytosis�clonal
dominance phenomenon observed in the
two patients on the recent protocol. A
number of preclinical studies evaluating
immunization after autologous bone mar-
row transplantation demonstrated an in-
creased burst size of antigen-specific T

cells when immunization was performed
in posttransplant lymphopenic hosts in the
process of immunologic recovery (18).
Ultimately, understanding the specific sig-
nals involved in homeostatic T cell prolif-
eration (the T cell expansion that occurs in
the context of depleted T cell compart-
ments) will likely yield important infor-
mation that can be used to potentially
enhance the expansion and activation of
antigen-specific T cells in immunotherapy.
Whether the homeostatic expansion pro-
cess can break antigen-specific tolerance
remains to be determined. Clinical studies
using IL-7 are in the process of being
designed. IL-7 is likely an important pro-
liferative factor involved in both homeo-
static T cell proliferation as well as the
late-stage chronic proliferation of the
memory T cell pool. Finally, it is impor-
tant to remember that when it comes to
the efficacy of tumor-reactive T cells qual-
ity is just as important as quantity. Flood-
ing the system with relatively ineffective,
low-affinity T cells is unlikely to generate
a sustained antitumor response. Factors
such as homing capacity, activation state,
and in particular T cell affinity must ulti-
mately be optimized for immunotherapy
to be successful. As our ability to quanti-
tatively measure these parameters of T
cell function continuously improves, so,
too, will the opportunities for improved
immunotherapy of cancer.
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