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Summary

 

Adoptive antigen-specific immunotherapy is an attractive concept for the
treatment of cancer because it does not require immunocompetence of
patients, and the specificity of transferred lymphocytes can be targeted
against tumour-associated antigens that are poorly immunogenic and thus
fail to effectively trigger autologous T cell responses. As the isolation and 

 

in
vitro

 

 expansion of antigen-specific lymphocytes is difficult, ‘conventional’
adoptive T cell therapy can only be carried out in specialized centres in small
numbers of patients. However, T cell receptor (TCR) genes isolated from
antigen-specific T cells can be exploited as generic therapeutic molecules for
‘unconventional’ antigen-specific immunotherapy. Retroviral TCR gene
transfer into patient T cells can readily produce populations of antigen-
specific lymphocytes after a single round of polyclonal T cell stimulation. TCR
gene modified lymphocytes are functionally competent 

 

in vitro

 

, and can have
therapeutic efficacy in murine models 

 

in vivo

 

. TCR gene expression is stable
and modified lymphocytes can develop into memory T cells. Introduction of
TCR genes into CD8

  

++++

 

 and CD4

  

++++

 

 lymphocytes provides an opportunity to use
the same TCR specificity to produce antigen-specific killer and helper T lym-
phocytes. Thus, TCR gene therapy provides an attractive strategy to develop
antigen-specific immunotherapy with autologous lymphocytes as a generic
treatment option.
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Therapeutic vaccination

 

Vaccination, the administration of antigen preparations in
an immune-stimulating formulation, is an effective form of
immune prevention with major health benefits for human
populations worldwide. Vaccines have led to the eradication
of some infectious diseases, such as smallpox, and to the con-
trol of spread of many other transmissible diseases. In gen-
eral, effective vaccines are immunogenic and stimulate
potent T cell and antibody responses, and they are usually
administered prior to exposure to the disease-causing patho-
gen. In contrast, the therapeutic benefit of vaccines is much
less impressive when given to patients with ongoing acute or
chronic infections complications [1]. In this case, the dis-
ease-causing pathogen has already established its presence
and, in so doing, suppressed or escaped protective immunity.
This is similar to the situation in cancer patients, where
malignant cells suppress or escape protective immune
responses. Immune responses against cancer cells are

dampened further by weak immunogenicity of tumour-
associated antigens, which often fail to trigger strong
immune responses as they are also expressed in normal tis-
sues [2]. Expression in normal tissues can lead to clonal T
and B cell deletion, development of anergy or the induction
of antigen-specific CD4

 

+

 

 CD25

 

+

 

 immunosuppressive regula-
tory T cells. The weak immunogenicity of tumour antigens,
the existence of tolerance mechanisms and the compromised
immunocompetence of many cancer patients provide a
strong incentive for adoptive immunotherapy approaches
that do not rely on the patient’s own immune responses.

 

Conventional adoptive immunotherapy

 

The targeting of tumour-associated antigens, such as CD20,
Her2/Neu and CD33, with antigen-specific monoclonal
antibodies has been tested in large numbers of patients and
has shown clear clinical benefits [3]. The passively acquired
antibodies can trigger apoptosis in tumour cells and activate
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complement-mediated or antibody-dependent cellular cyto-
toxicity in patients. In contrast to the widely documented
clinical benefit of antibody treatment, the experience with
adoptive transfer of antigen-specific T cell populations is
much more limited. The most convincing demonstration of
the clinical benefit of adoptive T cell transfer came from
studies in immunosuppressed transplant patients who devel-
oped Epstein–Barr virus (EBV)-driven lymphoblastoid pro-
liferation. Transfer of EBV-specific T cell populations into
these immunosuppressed patients can be used therapeuti-
cally to clear lymphoblasts, or it can be used prophylactically
to prevent disease development [4]. Similarly, the adoptive
transfer of cytomegalovirus (CMV)-specific T cell popula-
tions can control CMV load in immunosuppressed post-
transplant patients [5,6]. The antigen-specific T cell popula-
tions used for adoptive immunotherapy of EBV and CMV
disease are derived from healthy donors who were exposed to
the pathogen. Thus, the immune response was initiated 

 

in
vivo

 

 in immunocompetent individuals, followed by 

 

in vitro

 

expansion of antigen-specific T cells to obtain sufficient
numbers for adoptive transfer.

The production of T cell populations specific for tumour-
associated antigens is more complicated. Tumour antigens
are less immunogenic than viral antigens, and the immune
response occurs in cancer patients who are often immuno-
compromised by the disease or by the treatment. Neverthe-
less, the expansion of T cell populations specific for tumour-
associated antigens has been achieved in melanoma patients
[2]. Recently, it was shown that the infusion of such T cell
populations into melanoma patients conditioned by non-
myeloablative chemotherapy resulted in substantial T cell
expansion and in the reduction, even clearance, of tumour
cells in patients [7,8]. To date, such impressive results are
limited largely to melanoma. It is possible that melanoma
cells are better antigen-presenting cells than other cancers,
and that the melanoma-associated antigens, such as MelanA,
tyrosinase and gp100, are more immunogenic than other
tumour-associated antigens. Unlike melanoma antigens,
other tumour-associated antigens are expressed more widely
in normal tissues (e.g. p53; MDM2) or in cell types that are
easily accessible to T cells, such as haematopoietic stem cells

expressing the tumour-associated WT1 antigen [9,10]. As a
consequence, tolerance mechanisms may purge high-avidity
T cells with specificity for these tumour-associated antigens,
while low-avidity T cells are retained in the autologous
repertoire.

Because low-avidity cytotoxic T lymphocytes (CTL) were
shown to be less effective in providing 

 

in vivo

 

 protection than
high-avidity CTL [11,12], it is important to increase the avid-
ity of CTL responses against tumour-associated antigens.
This can be achieved by exploiting alloreactive CTL to cir-
cumvent partial or complete tolerance to tumour-associated
antigens [13]. As tolerance is major histocompatibility com-
plex (MHC)-restricted [14,15], it is possible to use allogeneic
responder T cells to isolate high-avidity CTL specific
tumour-associated antigens [16]. Furthermore, it is possible
to select CTL populations that kill tumour cells efficiently but
not normal cells expressing lower levels of the CTL-
recognized target protein [16–18]. Although such CTL are
specific for a self-antigen, they are functionally tumour-reac-
tive and do not show any signs of normal tissue damage when
transferred adoptively in murine model experiments [19].

The isolation of CTL specific for tumour-associated anti-
gens is a time-consuming and labour-intensive process that
fails on many occasions. Hence, it is hugely attractive to
exploit the specificity of a well-characterized, tumour anti-
gen-specific CTL line and use it for therapy in many cancer
patients. In this strategy, therapy is no longer achieved by
adoptive transfer of T cell populations, but by molecular
transfer of T cell specificity. This strategy does not require
histocompatibility between donor T cells and recipient
patients, and provides an opportunity to introduce the spec-
ificity of allogeneic T cells into autologous T cells.

 

Post-conventional adoptive immunotherapy

 

CTL specificity is exclusively dictated by the T cell receptor
(TCR), consisting of a heterodimeric alpha and beta chain.
Thus, the transfer of TCR genes from donor to recipient T
cells results in specificity transfer (Fig. 1). TCR gene transfer
was first demonstrated in the melanoma system, although
the efficiency was low in the initial studies [20]. More

 

Fig. 1.

 

Retroviral TCR gene transfer. Retroviral DNA constructs are transfected into packaging cells to produce viral particles. Peripheral blood 

lymphocytes are polyclonally activated, using anti-CD3 antibodies or beads coated with anti-CD3/CD28 antibodies. Two days after activation 

lymphocytes are exposed to viral particles, and 5 days after activation TCR expression can be demonstrated by FACS analysis. Antigen-stimulation (

 

in 

vitro

 

 or 

 

in vivo

 

) leads to the expansion of cells expressing the introduced TCR.
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recently, vectors and gene transfer protocols have been
improved substantially and it is now possible to achieve gene
transfer routinely into 30–60% of human and murine T cell
populations [21–29].

All TCR gene transfer experiments to date were performed
with retroviral vectors. The major advantage of retroviral
vectors is that they have been studied extensively in experi-
mental settings and there is substantial experience with these
vectors in clinical trials [30]. This is an important aspect, as
insertion of retroviral vectors into the host cell genome car-
ries the risk of altering the expression pattern of genes flank-
ing the insertion site. If such genes are involved in growth
control, the altered expression profile may lead to uncon-
trolled growth and malignant transformation. For example,
retroviral insertion into the LMO-2 locus in CD34

 

+

 

 hae-
matopoietic stem cells is implicated in the development of
leukaemia in immunodeficient children treated with retro-
viral vectors containing the gene for the common gamma
chain of the IL-2 growth factor receptor, which is defective in
these children. In a trial performed in France, leukaemia was
observed in two of 12 treated children, suggesting a high risk
of malignant transformation in this setting [31]. Fortunately,
the risk of malignant transformation in mature T lympho-
cytes is substantially lower. For example, 31 patients were
treated with more than 10

 

11

 

 lymphocytes infected with ret-
roviral vectors encoding a truncated nerve growth factor
receptor, and no adverse side effects due to retroviral inser-
tions have been observed [30]. This indicates that retroviral
gene transfer into mature lymphocytes is relatively safe. The
relative safety in mature T cells is probably related to a lower
risk of malignant transformation of fully differentiated end-
stage cells compared to stem cells. In addition, it is likely that
retroviral vectors insert at different sites in mature cells com-
pared to stem cells, as insertion occurs preferentially near the
promoter region of transcriptionally active genes.

A concern of TCR gene transfer is the pairing of introduced
TCR chains with endogenous chains (Fig. 2). Conceptually, it
is possible that all transduced lymphocytes display four
specificities (1): the specificity of the endogenous TCR 

 

a

 

/

 

b

 

dimer; (2) the specificity of the introduced TCR 

 

a

 

/

 

b

 

 dimer;
(3) the specificity of a TCR consisting of the endogenous 

 

a

 

paired with introduced 

 

b

 

 chain; and (4) the specificity of a
TCR consisting of endogenous 

 

b

 

 paired with introduced 

 

a

 

chain. Specificities 3 and 4 are a safety risk as the newly assem-
bled TCRs may be directed against patient MHC molecules.
Theoretically, this risk would appear to be high, as studies of
alloreactivity have shown that more than 1% of TCR het-
erodimers are MHC reactive [32]. Normally, MHC-reactive T
cells are removed from the TCR repertoire during thymic T
cell selection, a mechanism that will not apply to novel TCR
specificities created by gene transfer into mature T cells. If
each gene-transduced lymphocyte expresses two novel TCR
specificities it would be expected that more than 2% of
transduced cells display anti-MHC reactivity.

Surprisingly, anti-MHC reactivity has not been observed
to date in TCR gene transduced lymphocyte populations,
suggesting that novel TCR pairs are not readily assembled
and expressed. This could be due to preferential pairing of
TCR 

 

a

 

/

 

b

 

 combinations that were naturally selected during
thymic T cell selection. Because both the endogenous and
introduced 

 

a

 

/

 

b

 

 dimers were naturally selected, they would
be expected to be assembled most efficiently in lymphocytes
expressing all TCR chains. Alternatively, it is possible that
lymphocytes expressing multiple TCRs can display only one
functional activity. This is unlikely to be the case, as recent
experiments have shown that transfer of a TCR specific for
HA1 into CTL expressing endogenous receptors for CMV
produced CTL that recognized both HA1 and CMV epitopes
[25].

The retroviral transfer of TCR genes into polyclonally acti-
vated lymphocytes can rapidly produce T cell populations of
desired antigen-specificity. The original CTL and the TCR
transduced T cell populations have the same fine specificity,
as determined by the ability to recognize peptide variants,
and peptide titration experiments showed that the avidity of
the TCR transduced cells is similar to that of the original
CTL [33]. TCR transduced human T cells show stable TCR
expression and can be cultured 

 

in vitro

 

 by antigen-specific
stimulation for several months without loss of function
(unpublished). Furthermore, murine experiments demon-
strated that TCR transduced T cells can be injected and pro-
tect mice against virus infection and against tumour
challenge. The transfer of TCR transduced lymphocytes also
established long-term immunological memory in recipient
mice [26]. Together, the data to date show that TCR trans-
duced human CTL display long-term antigen-specific activ-
ity 

 

in vitro

 

, and murine TCR transduced CTL mediate
disease protection 

 

in vivo

 

.
The current protocols of T cell transduction involve 

 

in
vitro

 

 activation to achieve T cell proliferation that is required

 

Fig. 2.

 

Pairing of TCR chains in TCR-transduced lymphocytes. In prin-

ciple, each TCR-transduced T cell can express four TCR specificities, two 

of which are novel specificities with a risk of displaying reactivity 

towards patient MHC molecules. As discussed in the text, experimental 

observations suggest that most transduced T cells do not express two 

novel specificities.
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Fig. 3.

 

The function of CD4

 

+

 

 helper T cells in tumour immunity. (a) 

Conventional CD4

 

+

 

 T cells recognize tumour antigens presented by 

MHC class II molecules on the surface of DCs. TCR engagement and 

signals derived from the interaction of co-stimulatory molecules such as 

B7·1, B7·2 and CD40 trigger the production of cytokines, including IL-

2, which is required for proliferation. IFN-

 

g

 

 can have direct effects by 

inhibiting cells of the tumour stroma, or it can activate antitumour 

effector function of macrophages, NK cells and CTL. (b) CD4

 

+

 

 T cells 

expressing an MHC class I-restricted TCR can interact directly with 

tumour cells. In this case, the interaction is dominated by the TCR and 

is not assisted by co-stimulatory signals. It is currently not known if this 

will trigger full effector function and T cell expansion, or if TCR signal 

without co-stimulation may lead to lack of IL-2 production, the devel-

opment of anergy or even the triggering of apoptosis.
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for effective retroviral infection. It is currently not known to
what extent the 

 

in vitro

 

 activation conditions affect the 

 

in
vivo

 

 performance of transduced T cell populations. It is likely
that polyclonal activation with lectins (e.g. ConA) or anti-
bodies (e.g. anti-CD3, anti-CD28 antibodies) affects the
expression pattern of adhesion molecules, chemokines and
chemokine receptors of T cell populations. This, in turn,
may affect the 

 

in vivo

 

 migration and homing. Equally, it is
likely that the cytokine milieu used for 

 

in vitro

 

 activation
will impact on the cytokine production profile of TCR-
transduced T cell populations. T cell activation in the
presence of interleukin (IL)-4 and IL-10 would be expected
to produce TH2-type T cell populations, while activation in
the presence of interferon (IFN)-

 

g

 

 and IL-12 would be
expected to produce primarily TH1-type cells. Unfortu-
nately, retroviral gene transfer cannot be achieved in resting
lymphocytes. This may be achievable with lentiviral vectors,
which can infect non-dividing lymphocytes exposed to low
doses of cytokines such as IL-2 and IL-7. Adoptive transfer of
such minimally stimulated cells will reveal whether 

 

in vivo

 

transfer of TCR transduced resting T cells provides more
effective protection from disease and better memory devel-
opment than transfer of fully activated T cells.

TCR gene transfer can also be used to produce antigen-
specific CD4

 

+

 

 helper T cells. One possibility is to transfer the
TCR genes of donor CD4

 

+

 

 helper cells to recipient T cells,
thus producing MHC class II-restricted lymphocytes [23].
The presentation of antigen of MHC class II-negative
tumours, in this situation, is mediated by professional
antigen-presenting cells (APCs) that pick up tumour anti-
gens and present epitopes in the context of MHC class II
molecules (Fig. 3a). Alternatively, it is possible to use TCR
gene transfer to produce MHC class I-restricted helper T
cells. TCRs isolated from CD8-independent CTL would be
expected to function in CD4

 

+

 

 helper T cells, enabling them to
recognize directly epitopes presented by MHC class I mole-
cules on tumour cells (Fig. 3b). It is also possible to exploit
the TCR of CD8-dependent CTL for production of class I-
restricted helper T cells. In this scenario, CD8 genes are
introduced alongside TCR genes into CD4

 

+

 

 T cells producing
double-positive CD4

 

+

 

 CD8

 

+

 

 lymphocytes with a class I
restricted antigen receptor. CD8

 

a

 

 homodimers and CD8 

 

a

 

/

 

b

 

 heterodimers may have distinct effects on the cytokine
production and proliferation potential of transduced CD4

 

+

 

helper T cells.
The 

 

in vivo

 

 interaction of conventional CD4

 

+

 

 T cells is
restricted largely to MHC class II-positive professional
antigen-presenting cells. The interaction of CD4

 

+

 

 T cells and
dendritic cells (DCs) is particularly important because
CD40L/CD40 binding can deliver a ‘competence’ signal
required for DC to acquire the ability to activate CD8

 

+

 

 T cells.
It is likely that class I-restricted CD4

 

+

 

 T cells can also provide
‘competence’ signals to DCs. In this case TCR recognition of
MHC class I-presented epitopes will trigger CD40L expres-
sion, thus leading to CD40 ligation on the surface of DC. Rec-

ognition of DC presented antigen triggers the production of
cytokines by conventional CD4

 

+

 

 T cells. IL-2 has a direct
effect on the CD4

 

+

 

 T cells and triggers proliferation and can
prevent anergy induction. Other cytokines, such as IFN-

 

g

 

,
can activate macrophages and natural killer (NK) cells and
enhance the functional activity of CTL (Fig. 3a). In addition,
IFN-

 

g

 

 can have antitumour effects by inhibiting the forma-
tion of new blood vessels in the tumour stroma [34].

Unlike conventional CD4

 

+

 

 T cells, MHC class I-restricted
helper cells can recognize peptide epitopes presented by
MHC class II-negative non-professional APCs, such as
tumour cells. Thus, it will be important to determine if this
interaction leads to anergy of helper T cells, as suggested by
some studies, or, as suggested by others, to T cell activation
(Fig. 3b) [35–37]. This is a critical issue as anergic class I-
restricted helper T cells may inhibit ongoing antitumour
immune responses and thus promote tumour growth, while
class I-restricted helper cells activated upon peptide recog-
nition on the surface of tumour cells would enhance antitu-
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mour immunity. At present, it is difficult to predict if
unconventional class I-restricted CD4

 

+

 

 T cells will, like con-
ventional helper cells, increase long-term survival and mem-
ory development of CD8

 

+

 

 CTL, or whether the interaction of
class I-restricted helper cells with non-professional APCs
will be detrimental for their helper function.

 

Conclusion

 

The isolation and expansion of monoclonal T cells of defined
antigen specificity is technically difficult. Once achieved, it is
appealing to exploit monoclonal TCRs as generic reagents
similar to the way monoclonal antibodies have been
exploited. TCRs are most effective on the surface of CTL and
T helper cells, where they can trigger a wide spectrum of
effector functions including cytotoxicity and cytokine pro-
duction. In addition, the injection of TCR expressing lym-
phocytes can have long-lasting therapeutic effects, due to the
ability of lymphocytes to develop into memory cells. The
introduction of unmodified TCR genes into lymphocytes is
particularly attractive, because modified TCR chains may
provoke immune responses and trigger rejection of injected
lymphocytes, thus preventing memory development.
Although far behind antibody-based therapies in many
aspects, the TCR approach is one step ahead in terms of
immunogenicity. High-avidity TCRs are isolated readily
from human T cells and can be introduced reliably into
patient lymphocytes. There is no requirement for histocom-
patibility between donor T cells and patients, and cloned
TCR genes become generic molecules for therapy of all
patients with a malignancy that expresses the TCR-
recognized antigen and HLA allele required for antigen
presentation.
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