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Abstract A central role for T cells in the control of
cancer has been supported by both animal models and
clinical observations. Accordingly, the development of
potent anti-tumor T cell immunity has been a long-standing
objective of immunotherapy. Emerging data from clinical
trials that test T cell immune-modulatory agents and
genetically engineered and re-targeted T cells have begun
to realize the profound potential of T cell immunotherapy
to target cancer. This review will focus on a description of
recent conceptual and technological advances for the
genetic engineering of T cells to enhance anti-tumor T cell
immunity through the introduction of tumor-specific
receptors, both Chimeric Antigen Receptors (CAR) and T
cell receptors (TcR), as well as an overview of emerging
data from ongoing clinical trials that highlight the potential
of these approaches to effect dramatic and potent anti-
tumor immunity.
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T cell immunotherapy: a brief historical overview

The seminal reports by the group of Boon in 1993 [1]
which established that T cells that recognized defined
antigens expressed by tumors could be identified in the
peripheral blood of patients ushered in the modern era of
antigen-specific T cell immunotherapy. Since that time, a
major focus of immunotherapy-based strategies has been to
identify antigens uniquely expressed or over-expressed by
tumor cells and to use those antigens as immunogens to
trigger antigen-specific T cell responses in patients.

Over the years, a plethora of candidate antigens have
been identified using both high-throughput molecular and
immunological approaches resulting in an extensive data-
base of candidate antigens and immunologically relevant
epitopes, see for example http://www.cancerimmunity.
org/peptidedatabase/Tcellepitopes.htm and [2]. Although
the search for uniquely tumor-specific antigens with broad
expression within and across tumors has not to date met
with success, these efforts have resulted in the identifica-
tion of a number of candidate antigens that are either over-
expressed or aberrantly expressed by tumors as well as
tissue differentiation antigens. Among these antigens,
much effort has been placed on the evaluation of antigens
that are either not expressed in normal adult somatic tissues
but are expressed developmentally (for example, the can-
cer-testis (CT) antigens [3], perhaps best exemplified by
the MAGE (Melanoma-associated AntiGEn) [4] and NY-
ESO-1 families [5]) or are expressed at lower levels in
normal tissues and dramatically over-expressed in tumors
(for example, Her-2/Neu, EpCAM, cyclinD1). In parallel, a
multitude of strategies have been applied to attempt to
elicit potent anti-tumor T cell responses to these antigens.
Over the past 20 years, essentially every possible modality
for vaccination, combined with a wide variety of adjuvants,
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has been tested in the clinical setting. With few exceptions
(see [6] for a recent review), these studies have been dis-
appointing in two fundamental ways: (1) Although objec-
tive anti-tumor response rates have occasionally been
observed in patients, the overall response rates have been
unimpressive and (2) Observed increases in frequencies of
antigen-specific T cells post vaccination have often not
correlated with anti-tumor activity.

The impact of immune tolerance on immunotherapy

The majority of to-date vaccines studies have attempted to
trigger an immune response to self-antigens that are either
expressed during normal development or expressed in what
is thought to be an immunologically privileged manner.
One critical hurdle that such strategies have had to over-
come is immunological tolerance, both central and
peripheral. Dramatic positive response data in a subset of
patients treated with modulators of immune suppression
such as anti-CTLA-4, anti-PD-1, anti-CD25, and agonists
of CD40 have suggested that the obstacles associated with
peripheral tolerance to tumors can be overcome [7-11];
importantly, the nature of the critical targeted antigens
recognized by T cells in treatment-responsive patients have
not been identified. On the other hand, the principal effect
of central tolerance, i.e., the deletion of the high-affinity
repertoire to self-antigens during thymic development,
remains a fundamental impediment for vaccine-based
immunotherapy strategies. Few studies exist that evaluate
the effect of central tolerance on the T cell repertoire to
self-antigens in humans. However, a few experimental
lines of evidence support the notion that central tolerance is
a profound obstacle for the establishment of potent
immunity to self-antigens. In a general sense, investigators
across many studies are intimately familiar with the
recurring phenomenon that T cells specific for self-antigens
expressed by tumors respond very weakly to target cells
that endogenously express the target antigens, as elegantly
demonstrated by experiments that evaluated the Her-2/neu
specific repertoire in Her-2/neu transgenic animals immu-
nized with Her-2/neu peptides [12]. Precious few studies
exist to document the impact of central tolerance on the
human T cell repertoire; Friedman et al. showed that the T
cell repertoire to the prostate tissue-specific antigen protein
was fundamentally different in male versus female healthy
donors, with T cells from males recognizing sub-dominant
epitopes and with very poor anti-prostate tumor activity,
while female-derived T cells showed substantially more
potent anti-tumor activity [13].

The striking difference in affinity between T cell
receptors specific for self-antigens expressed by tumors and
T cell receptors specific for virus antigens has recently
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been summarized by Cole et al. Such comparative analyses
have revealed that TcR from T cells that recognize self-
tumor antigens have substantially lower affinities
(approximately 0.5 logs) for cognate MHC:peptide com-
plexes compared to their virus-specific counterparts [14].
These observations likely explain at least in part the to-date
clinically inadequate results obtained following the acti-
vation of self-antigen-specific T cells. Of additional note in
this regard is a recent study which demonstrated that strong
and clinically relevant T cell immune responses could be
generated in patients with vulvar intraepithelial neoplasia
following vaccination with long-peptides derived from
human papilloma virus serotype 16 (HPV-16) illustrating
the potential of peptide-based vaccine strategies to trigger
effective anti-tumor immunity [15].

Thus, a consequence of central tolerance is that the T
cell repertoire to self-antigens is fundamentally compro-
mised, with T cells that have the potential to respond to the
self-target antigens in most cases suboptimal and most
likely ineffective in terms of antitumor activity. Indeed,
although objective clinical responses have been observed
in response to strategies that seek to trigger T cell immune
responses to self-antigens (see for example, the successful
approval of sipuleucel [16]), there is scant evidence that the
relevant immune response is targeted to these antigens.

Approaches to overcome tolerance

A variety of approaches have been developed to circum-
vent the impact of central tolerance on the ability to
stimulate anti-tumor antigen-specific T cell immunity. One
general conceptual approach has attempted to reduce the
threshold for activation for T cells, under the premise that
activated T cells have enhanced sensitivity to subsequent
antigen-triggering. Under this premise, investigators have
pursued approaches that utilize higher affinity heteroclitic
peptides [17], co-stimulatory receptors [18], or adjuvant
combinations [19] to improve the avidity of the T cell:
APC interaction, to facilitate the productive engagement of
antigen-specific T cells and lower the subsequent threshold
for T cell re-activation. In a number of cases, such efforts
have resulted in the triggering of T cells that respond to the
vaccine peptides; however, to date, these efforts have met
with minimal clinical success in terms of clinical efficacy.

Adoptive T cell transfer, which involves the ex vivo
isolation, expansion, and re-infusion of T cells into
patients, is one alternative strategy that circumvents the
need to activate and expand a tumor antigen-specific T cell
repertoire in patients. Significant effort has been extended
over the past few years to evaluate the potential for
adoptive T cell transfer to treat cancer, and a variety of
approaches using T cells obtained from the periphery
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[20, 21], from tumor infiltrating lymphocytes (TIL) [22], or
enriched for virus-specificities to enhance persistence [23]
have been evaluated in clinical trials. Ex vivo activation
and expansion of T cells prior to infusion have the potential
to circumvent the effects of peripheral tolerance by pro-
viding to patients a large, polyclonal, and activated popu-
lation of T cells. This activated population could contain
high-affinity T cells that recognize tumor-unique and to-
date undefined antigens and have potent specificity against
tumors, as well as T cells specific for “classical” tumor-
specific self-antigens that have become sensitized and
responsive to antigen-expressing targets.

Turbo-charged TCR and CAR

Recent advances in the practical ability to perform high
efficiency gene transfer into primary T lymphocytes have
allowed for the potential to transfer into T cells receptors
with specificity for defined tumor antigens, thus creating
large populations of antigen-specific T cells for adoptive
transfer. Two basic gene transfer approaches have been
pursued to bypass the effects of central and peripheral
tolerance on the T cell repertoire; these approaches aug-
ment and re-direct anti-tumor T cell activity through the
transfer of antigen-specific T cell receptors o and f chains
(TcR o/f) or Chimeric Antigen Receptors (CAR) com-
posed of antibody-binding domains fused to T cell sig-
naling domains. In both instances, recipient T cells retain
their native specificity while acquiring the second, tumor-
specific specificity (Fig. 1).

Although transfer of T cell specificity through transfer
of the TcR o/f heterodimer was initially demonstrated over
25 years ago [24], demonstration of the feasibility to
transfer of T cell specificity into primary T cells through
transfer of TcR o/f chains was demonstrated more recently

Fig. 1 Schematic of T cell A Endogenous
surface expressing introduced TcR

TcR or CAR polypeptides.

a Introduced TcR chains pair
with endogenous CD3 v, 9, ¢,
and ( chains re-capitulating a
native TcR complex. b CAR are
thought to homodimerize and
also associate with CD3 v, 9, &,
and { chains. Red bar TcR
signaling domains; yellow bar
non-TcR complex signaling
domains that confer novel
functionalities

CD3

[25, 26]. Tumor antigen-specific T cells, expanded from
both cancer patients and healthy volunteers, have been a
primary source for isolating tumor-specific TcR o/f het-
erodimers, and over the years, a large variety of approaches
using both peptides and whole antigen have been imple-
mented to expand such T cells. Because of the low fre-
quency of such T cells in peripheral blood, the lack of
effective culture and expansion methodologies, and the
impact of central tolerance on the repertoire, T cells can
only be isolated with considerable difficulty using these
approaches; furthermore, such T cells are in general of low
affinity and demonstrate weak anti-tumor activity.
Approaches to overcome these issues and generate more
potent tumor antigen-specific T cells have involved the use
of mice transgenic for human HLA-A2 [27], the generation
of higher affinity T cells in an allo-reactive context [28],
and the generation of T cells to gender-restricted antigens
(such as prostate and ovary-restricted antigens) from
PBMC of the non-expressing gender [13]. One approach to
overcome the issue of the intrinsically low affinity of TcR to
self-antigens has been to enhance the affinity of the T cell
receptor isolated from such T cells by mutagenesis of the o
and f receptor chains. Although such approaches initially
involved brute force mutagenesis approaches, recent tech-
nological advances have facilitated more elegant molecular
and rational high-throughput genetic approaches to affinity
enhance TcR [29-32]. Application of these approaches
requires significant effort and follow-up to confirm reten-
tion of TcR specificity; however, such efforts have resulted
in the ability to reproducibly generate TcR with substan-
tially higher affinities for target antigens, often higher by
logs [30]. One example of the ability of high-throughput
mutagenesis approaches to generate affinity-enhanced TcR
that effectively target tumor cells is presented in Fig. 2;
whereas T cells non-transduced or transduced with wild-
type TcR fail to recognize tumor cells that express

Introduced B Endogenous Introduced
TcR TcR CAR
CD3
CcD3
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physiologic levels of the relevant MHC and antigen (panels
a, b), affinity-enhanced receptors generated from these
wild-type receptors efficiently redirect T cells to recognize
the targets (panel c); importantly, T cells transduced with
wild-type TcR efficiently recognized the same target cell
line engineered by Lentivirus transduction to over-express
the target antigen (panel d), providing evidence for the sub-
dominant nature of the target peptide sequence.

An alternative and potentially complementary strategy
to enhance TcR affinity was revealed through a recent
report by Kuball et al. these authors demonstrated
enhanced functional avidity and improved recognition of
tumor cells following introduction of mutations that
reduced N-glycosylation on TCR chains [33].

Affinity-enhanced TcR-based transfer approaches afford
the opportunity to transfer a signal that can be delivered in
a physiological context, which may be relevant for the
clinical functionality and persistence of infused T cells.
Additionally this approach is not limited to the targeting of
cell surface epitopes. On the other hand, this approach
suffers from the fact that it remains susceptible to the
common tumor escape mechanisms of MHC down-modu-
lation and altered peptide processing. An additional con-
cern with the affinity-enhancement approach is the
potential for the degeneration of TcR fine specificity as a
consequence of the mutagenesis and enhanced affinity [34].
Finally, the mutagenesis process has the potential to gen-
erate neo-epitopes that can be targeted by patient humoral
and cellular immune responses.

The concept of CAR was initially proposed by Eshhar
et al. [35]. CAR can be described as modular polypeptides
composed of 3 distinct modules: an extracellular target-
binding module, a transmembrane module anchoring the
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CAR into the cell membrane, and an intracellular signaling
module. The extracellular target-binding module is usually
derived from ScFv determinants isolated from antibodies,
linked in a single chain through linker polypeptide
sequences. Transmembrane modules have typically been
derived from molecules involved in T cell function and
associated with the TcR supercomplex such as CD8 and
CD4, in some cases connected to the binding domain via a
“stalk” thought to extend the distance between the binding
domain and the T cell surface. The intracellular module
almost always consists of the zeta chain of the TcR com-
plex responsible for transmitting TcR engagement-medi-
ated activation signals to cells, although initial studies also
explored the signaling modules of the FceRI-y chain. As
discussed below, next-generation CAR incorporate signal-
ing domains from co-stimulatory and activation molecules
such as CD28, CD134, or CD137, alone or in combina-
tions, to attempt to augment zeta signaling in a physio-
logically relevant manner.

Conceptually, CAR transfer-based strategies afford 2
distinct advantages for the ability to mediate effective anti-
tumor activity: on the one hand, CAR provide a mechanism
to bypass the fundamental roadblock imposed by central
tolerance; On the other hand, CAR bypass common
mechanisms that are selected for in tumor cells to blunt T
cell immunity. In terms of central tolerance, since the
target-binding moiety is derived from antibodies that are
generated against target antigens in heterologous species,
central tolerance has no impact in shaping the binding
affinity to target epitopes. Furthermore, since the number
of target epitopes is stoichiometrically equal to the number
of target antigen molecules on the cell surface, inefficient
processing of target epitopes is not relevant to target cell
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Fig. 2 Affinity enhancement allows for the targeting of subdominant
epitopes not recognized by wild-type TcR. Data presented are from a
CD107a degranulation assay to measure antigen-specific degranula-
tion of polyclonal T cells populations, either non-modified or
modified by Lentivirus transduction to express a tumor-specific TcR
o/ heterodimer, detected in b—d by staining through the use of the
clonotypic Vf5.1 antibody reagent. Gating strategy was on live
cells >CD3+>CD8+>Vf}5.1+ (allowing gating on the transduced
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cell population); non-transduced cells had minimal activity in this
assay. a Non-transduced bulk expanded T cells, non-modified target
cells; b T cells transduced with wild-type tumor-specific receptor,
non-modified targets; ¢ T cells transduced with affinity-enhanced T
cell receptor, non-modified targets; d T cells transduced with wild-
type tumor-specific receptor tested on targets that over-express target
antigen
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recognition. The lack of dependence on antigen processing
for target recognition by CAR provides a clear advantage
in terms of potency since every surface expressed target
molecule presents a CAR-triggering epitope. In terms of
overcoming immune-evasive mechanisms, since CAR
recognition of target cells is neither MHC-restricted nor
dependent of proteosomal cleavage and appropriate pro-
cessing of target epitopes, CAR-based strategies are
insensitive to the HLA down-modulation and altered pro-
cessing escape mechanisms that commonly evolve in
tumors.

Additional advantages with CAR-based strategies
include the facts that such approaches offer the potential to
target glycosylation variants unique to tumor cells, as well
as epitopes that are differentially exposed and preferen-
tially exposed to T cells in tumor versus normal tissues.

There are a number of limitations and challenges, both
practical and theoretical, associated with CAR-based
strategies. In terms of practical limitations, CAR-based
approaches are restricted to the targeting of cell surface
determinants to which antibodies can be generated in het-
erologous species. In addition, since CAR are chimeric
molecules composed of distinct combinatorial modules that
include unique junctional fragments as well as non-human
sequences in the scFv domains, there is reasonable poten-
tial for CAR-modified T cells to be targeted by patient
humoral and cellular immune responses.

In terms of theoretical limitations, because CAR are
engineered to deliver TcR and co-stimulation-mediated
signals independently from the physiological complex
through which natural signaling occurs, it is possible that
the signaling cascades initiated through CAR engagement
are qualitatively and/or quantitatively distinct from those

required to manifest the full range of effector and regula-
tory consequences of native TcR signaling, a fact that may
impact the full range of in vivo functionality for CAR-
modified cells. Steric considerations associated with the
target epitopes recognized by the antibody determinants on
CAR are an additional theoretical limitation. Unlike the
TcR o/f heterodimer which has structurally evolved and
been biologically selected to recognize peptides located
within a sterically defined groove in the major histocom-
patibility complex (MHC), soluble antibodies target linear
or conformational epitopes located throughout the surface
of the target antigen. A consequence of this fact is that at
least in some cases the grafting of antibody-binding
domains onto CAR will create molecules with structural
limitations that impact binding to target cells and/or
appropriate signaling and effector functionality of the
CAR-modified cells.

A summary that describes the advantages and disad-
vantages of both CAR- and TcR-based approaches is pre-
sented in Table 1.

Clinical applications of CAR and TcR

A variety of clinical trials have been initiated to evaluate
the potential for the adoptive transfer of CAR- and TcR-
modified T cells to mediate anti-tumor activity.
CAR-based approaches have been developed to target a
number of well-characterized self-antigens that are
expressed on the surface of tumors, and such CAR have
been extensively evaluated in animal models and increas-
ingly in clinical trials (see [36] for a recent and compre-
hensive review). Current and ongoing clinical trials are

Table 1 Perceived advantages (*) and disadvantages (A) of CAR- and TcR-based gene transfer strategies

Category CAR

Affinity-enhanced TcR

Antigen localization Surface onlyA

Antigen processing Not required*
MHC expression Not required*
Ability to target new antigens
availability*
Ligand density
expression*

Potency of signal
Surface Expression Straightforward*

Potential immunogenicity
Off-target effects

expression®

Straightforward-dependent on antibody
Strictly dependent on target antigen
High, can be amplified by including

co-stimulatory signaling domains*

High, antibody domains and fusion junctions**
Low, but enhanced potential to target
normal tissues with low levels of

Not restricted*

Dependent®

Required®

Difficult-dependent on identification of relevant
T cells®

Dependent on target antigen expression and
processing efficiency®

Native TcR complex*

Dependent on efficient /f paring and availability
of other TcR complex chains**

Low, sequences native*

Higher, potential for mispairing, or degeneration of
fine specificity as a result of affinity enhancement®
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targeting a variety of antigens including CD19 [37-41],
CD20 [42], a-folate receptor [43], GD2 [44], and Her-2/
neu [45]. Although each of these trials has been based on
the use of a CAR-based targeting moiety, the variety of
approaches that have been applied to date in terms of CAR
delivery (plasmid electroporation, retrovirus, lentivirus),
ex vivo expansion approaches (anti-CD3 and -CD28 beads,
OKT3, artificial antigen-presenting cells), the use in some
cases of exogenous immunomodulatory cytokines such as
IL-2, and the incorporation of various signaling domains
(¢, 28-¢, CD137-{) have precluded head-to-head compari-
son of the results. Nonetheless at least some of these trials
have revealed the dramatic potential of CAR-based
approaches. In particular, recent trials that target CD19
have shown potent anti-tumor activity with a number of
robust partial responses [38, 39], and in one trial, dramatic
and complete responses accompanied by robust expansion,
long-term functional persistence, and homing to marrow of
CAR-modified T cells together with documented delayed
tumor lysis syndrome in one patient [40, 41]. On the other
hand, the potency of these approaches has also been
revealed by the unfortunate death that resulted from on-
target and off-tissue toxicity due to lower levels of
expression of target antigens in normal tissues [45, 46].
Additional evidence for the potential for on-target/off-
tumor toxicity for CAR has been revealed by the liver
dysfunction observed while targeting carbonic anhydrase,
an antigen retrospectively identified as being expressed at
low levels in liver bile ducts [47], and the delayed tumor
lysis syndrome observed in CART19 trials [41].

A number of trials that employ TcR transfer to endow T
cells with specificity for antigens expressed by tumors are
also underway. These trials have targeted well studied and
characterized self-antigens such as NYESO-1 in melanoma
and synovial sarcoma [48], CEA in colorectal cancer [49],
and MART-1 and gpl00 in melanoma [50] and in a
recently initiated trials, NYESO-1/LAGE and MAGE-A3/-
A6 in multiple myeloma and melanoma. TcR used for
these trials have been in some cases affinity enhanced
through mutagenesis. Early encouraging and in some cases
dramatic results from these trials are also beginning to
demonstrate the potential of the affinity-enhanced TcR
approach to also mediate effective clinical activity. As with
the CAR-based approach, on-target and off-tissue toxicity
due to low levels of expression of target antigens in normal
tissues is a concern that in fact has been observed in a
number of cases [49, 50].

Challenges and future directions

The recent encouraging and occasionally dramatic clinical
data obtained using CAR and TcR-based adoptive transfer
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approaches have promoted a sense of guarded optimism
about the potential for this platform to mediate potent anti-
tumor immunity. Nonetheless, a number of important
challenges remain to be addressed for the broader appli-
cation of these approaches.

With regard to CAR-based approaches, one challenge
relates to the nature of the optimal signaling domain com-
bination needed to mediate the full range of T cell effector
activity. To date, most clinical studies have employed the
TcR { chain either alone or in combination with signaling
domains derived from CD28 and more recently CD137
(4-1-BB), both of which have been shown to enhance CAR-
mediated potency in animal models [51-53]. Although tri-
als based on such CAR constructs have in some cases
demonstrated considerable efficacy, it is possible that
inclusion of additional domains may contribute to a more
integrated signal that provides biological benefit, such as,
for example, skewing CAR-modified cells toward desired
phenotypes or secondary functionalities. A recent report
from the Baylor group has demonstrated an elegant
approach to evaluate different CAR constructs directly in
patients by comparing short-term persistence following co-
infusion of T cells modified with two CAR constructs with
different signaling domain combinations [54]; this approach
offers a potentially powerful mechanism to evaluate and
compare directly in patients CAR with related but unique
structural and/or signaling determinants to identify modules
that mediate selective homing or other functionally relevant
properties to infused gene-modified T cells.

With regard to TcR-based approaches, one critical
challenge relates to the ability to identify T cells with
biologically relevant anti-tumor activity and to efficiently
isolate TcR receptor pairs from such T cells. Recent
technological advances have provided potential break-
throughs in this regard, by enabling the rapid cloning and
functional testing of TcR o/f chains from single cells [55,
56]. Application of such technologies on, for example,
tumor infiltrating lymphocytes (TIL) specimens has the
potential to enable the rapid identification of potent and
biologically relevant TcR pairs that recognize antigens
(both known and novel) expressed by tumors.

An additional challenge with TcR-based approaches
relates to the potential for transferred TcR o and/or f§
chains to pair with endogenous o/f chains. Such pairings
can have two unintended and negative consequences. First,
such events reduce the number of relevant TcR pairs on the
cell surface, potentially reducing the avidity of the modi-
fied lymphocytes for target cells. In addition, this mis-
paring has the potential to generate novel TcR complexes
with undesired specificities for normal tissues and the
potential for autoimmunity. A recent report describes both
the impact of such mispairing on T cell effector function as
well as an elegant approach based on siRNA to
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down-modulate endogenous TcR chains and in this manner
reduce mispairing and enhance both surface expression and
functionality of transferred TcR chains [57]. An alternate
strategy to minimize such mispairing involves the intro-
duction of cysteine residues in the transferred TcR chains
to facilitate preferential pairing between introduced chains
[58].

For both CAR- and TcR-based approaches, the potential
for autoimmunity due to on-target off-tissue effects remain
as significant challenges to resolve; in the case of affinity-
enhanced TcR-based approaches, off-target effects pre-
cipitated by the affinity-enhancement process are also a
consideration to be kept in mind [47]. This challenge is
particularly difficult to address in a comprehensive manner
outside of patient trials, since animals models are not suited
to address this type of toxicity, which is certainly species
specific and at least in some cases likely to be patient
unique. One mechanism to overcome this challenge may be
to establish reference viable tissue bank repositories to
facilitate the molecular and functional analyses of the
potential for off-tissue and/or target events.

The potential immunogenicity of CAR- and TcR-mod-
ified cells, particularly CAR as discussed above, is another
challenge for the field. Although the potential immunoge-
nicity of junctional fragments may be impossible to over-
come, approaches to mitigate this potential could involve
the humanization of murine ScFv determinants and the
removal of cryptic open reading frames shown to be
immunogenic [47, 59].

Challenges also remain with regard to the optimal
methodology to transfer CAR and TcR into recipient cells.
The majority of to-date clinical approaches have employed
virus-mediated gene transfer approaches, principally uti-
lizing retroviruses and more recently lentiviruses. Although
such approaches result in reasonably efficient transduction
of primary T cells, they have considerable limitations in
terms of cost to manufacture clinical-grade material, the
total size of DNA that can be included in the virus vectors,
and the potential, principally for retroviruses, for the inte-
gration events to result in insertional oncogenesis. One
promising and emerging alternative to virus-mediated gene
transfer approaches is RNA transfection [60]. This
approach is extremely cost effective and efficient and
allows for the potential to co-transfer genes that promote
co-stimulation and/or homing to target tissues, provide
accessory effector functions, as well as the ability to co-
target multiple antigens through the same transfection
event. In addition, because the transferred RNA does not
stably integrate but rather remains episomal transferred
cells are only transiently modified, a fact that may provide
considerable advantages should unanticipated toxicities
arise. Yet another promising approach for introducing CAR
and TcR transgenes into T cell involves the utilization of

transposon elements such as sleeping beauty and piggybac
[61, 62]. The general issue of eliminating infused and
modified T cells is yet another challenge for the field.
Initial attempts attempted to introduce ‘suicide genes’ such
as herpes simplex virus thymidine kinase (TK) gene;
however, these efforts revealed the strong potential for
immunologic rejection based on targeting of TK-derived
sequences [63]. More recently, an elegant and potentially
powerful inducible system based on the use of a modified
human caspase-9 fused to a human FK506-binding protein
to allow conditional dimerization and delivery of apoptotic
signals; in response, a small molecule has been developed
[64] and is currently being evaluated in clinical trials.

The final challenge to be discussed in this review relates
to the types of cells to be employed in the gene transfer
approaches. Principally, on the basis of studying cells that
have persisted in patients post-transfer, it has been postu-
lated that cells with longer telomeres fare better upon
transfer [65]. More recent data from both primate studies
and clinical trials have suggested that central memory cells
may be an appropriate cell type to utilize for the gene
transfer [66]. Nonetheless, it is perhaps fair to state that the
jury is still out on which if any from the plethora of T cell
subsets (naive, central—effector—memory, Th17, NKT,
/9, other) is the most appropriate to employ as the vector
for delivering CAR and TcR into patients; it is entirely
plausible that the choice of cell type to deliver these
powerful targeting agents may be linked to the specific
homing requirements and immune microenvironment of
the disease being targeted.
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