REVIEW ARTICLE

Tissue Antigens ISSN 0001-2815

Adoptive immunotherapy for cancer: the next generation
of gene-engineered immune cells
L. J. Berry'*, M. Moeller' & P. K. Darcy'?

1 Cancer Immunology Program, Peter MacCallum Cancer Centre, East Melbourne, Victoria, Australia
2 Department of Pathology, University of Melbourne, Melbourne, Victoria, Australia

Key words

cancer; effector cells; genetic modification;
single-chain variable fragment receptor; T cell
receptor; transduction

Correspondence

Dr Phillip K. Darcy

Cancer Immunology Research
Peter MacCallum Cancer Centre
Locked Bag 1 A'Beckett St
Melbourne, VIC 8006

Australia

Tel: +61 3 9656 3749

Fax: +61 3 9656 1411

e-mail: phil.darcy@petermac.org

Received 1 July 2009; accepted 1 July 2009

doi:10.1111/1.1399-0039.2009.01336.x

Abstract

Adoptive cellular immunotherapy involving transfer of tumor-reactive T cells has
shown some notable antitumor responses in a minority of cancer patients. In
particular, transfer of tumor-infiltrating lymphocytes has resulted in long-term
objective responses in patients with advanced melanoma. However, the inability
to isolate sufficient numbers of tumor-specific T cells from most malignancies has
restricted the broad utility of this approach. An emerging approach to circumvent
this limitation involves the genetic modification of effector cells with T cell receptor
(TCR) transgenes or chimeric single-chain variable fragment (scFv) receptors that
can specifically redirect T cells to tumor. There has been much progress in the design
of TCR and scFv receptors to enhance the antigen-specific activation of effector cells
and their trafficking and persistence in vivo. Considerable effort has been directed
toward improving the safety of this approach and reducing the immunogenicity of
the receptor. This review discusses the latest developments in the field of adoptive
immunotherapy using genetically modified immune cells that have been transduced
with either TCR or scFv receptor transgenes and used in preclinical and clinical

settings as anticancer agents.

Introduction: adoptive cellular immunotherapy

Cellular immunotherapies for the treatment of cancer have
used both active and passive approaches such as vaccines,
tumor-specific antibodies or adoptive transfer of tumor-
specific T cells. Tumor vaccines aimed at actively stimulating
a patient’s adaptive immune system have been developed
as both preventative and therapeutic anticancer strategies.
Current vaccination approaches in patients have used vac-
cines comprising peptide antigen, whole tumor cells, den-
dritic cells, viral and DNA vectors or idiotype vaccines
in combination with immunostimulatory adjuvants (1). In
general, these vaccines have been relatively successful in
animals; however, these results have not translated into
human trials (2). Given the poor results of vaccines in can-
cer patients to date, in particular, patients with established
disease, other cellular therapies have emerged. One such
approach includes adoptive immunotherapy, which involves
ex vivo manipulation and expansion of autologous T cells,
followed by their re-infusion into tumor-bearing hosts (2).

*These authors contributed equally to this manuscript

© 2009 John Wiley & Sons A/S - Tissue Antigens 74, 277-289

The ex vivo expansion of lymphokine-activated killer (LAK)
cells or tumor-infiltrating lymphocytes (TIL) has achieved
some remarkable response rates in cancer patients. Up to 70%
objective response rates have recently been reported observed
in patients with advanced melanoma following transfer of
interleukin (IL)-2-activated TIL cells combined with lym-
phodepletion (3). However, despite encouraging responses
in patients with melanoma, response rates for other com-
mon cancers including breast, prostate and ovarian have
remained low. This is in part because of the difficulty
in isolating and expanding endogenous tumor-reactive cells
from these tumor types, poor persistence of T cells follow-
ing transfer and the presence of immunosuppressive factors
in the tumor microenvironment (4, 5). To overcome these
limitations and broaden the therapeutic scope of immune-
based strategies, the genetic modification of T cells has
been explored as an alternative approach. The focus of
this review will be to outline current understanding and
developments in the field of adoptive immunotherapy using
genetically modified T lymphocytes and other immune cell
subsets.
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Redirection of T lymphocytes by genetic
modification

Genetic engineering of patient T cells offers a means to
potentially enhance the cytotoxic, tumor-targeting proper-
ties of naturally occurring T cells while overcoming the
reliance on components of the endogenous immune sys-
tem that restrict current active immunization strategies. The
development of viral transduction methodology to stably
express T cell receptor (TCR) transgenes or chimeric single-
chain variable fragment (scFv) receptors on the surface of
T cells has significantly expanded the targeting capacity of
T cells. Numerous genetic approaches are currently focus-
ing on enhancing the tumor recognition, efficacy, persistence
and trafficking of genetically modified T cells to give rise to
T cells potent against a range of cancers. However, as these
cells acquire enhanced functional capacities, the new chal-
lenge faced by tumor immunologists is to find the optimal
balance between evoking antitumor responses while control-
ling potential autoimmune pathology.

Genetic modification using TCR genes

TCR genes isolated from antigen-specific tumor-reactive
T cells can be exploited as therapeutic molecules by transfer
of genes encoding the TCR-a and -f chains from a donor
T cell to a recipient T cell of any specificity. Retroviral
vectors containing TCR-a and -p genes have been extensively
studied in experimental mouse models and showed to be
safe, feasible and capable of mediating tumor regression in
patients (3). However, the ability to isolate endogenous, high-
affinity T cells specific to tumor antigens is limited to a
minority of malignancies. Therefore, an alternative approach
for isolating tumor-specific TCR genes has involved the use
of mice expressing human major histocompatibility complex
(MHC) molecules capable of presenting tumor antigens to
the murine immune system that recognizes them as foreign.
Success of this strategy would require the murine TCR
genes to have some level of ‘humanization’ prior to use
in human patients to prevent immunogenicity against the
mouse transgenes. Encouragingly, such progress has been
achieved for several TCR genes (6). Nevertheless, a major
problem associated with TCR transgene modification of
T cells is the potential for the transgenes to mispair with
endogenous TCR-a/f chains, which would result in the
development of TCR’s with undefined specificity. Several
approaches have been developed to overcome this problem
that include murinization of TCR genes, structural changes
to the TCR genes such as codon optimization, introduction
of an additional cysteine pair into the constant region of the
TCR and restriction of TCR-o/f transgene transduction to
oligoclonal or y8 T cells (7). Nevertheless, given the potential
for TCR transgenes to mispair with endogenous TCR, and
the potential for downregulation of MHC—peptide antigen
complexes on tumors, alternative gene-engineering strategies
using scFv receptors are currently under investigation.
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Redirection of T cells by chimeric single-chain
receptors

Initial approaches to generate chimeric receptors capable of
mimicking the signaling power of the TCR involved the
fusion of immunoglobulin-derived variable domains with the
separate constant regions of the TCR-a and -f chains, thus
conferring antibody-type specificity. Such “T-body’ receptors
have been shown to signal appropriately for T cell activation
and release of cytokines and cytolytic molecules that result in
tumor cell lysis following receptor ligation (8). However, the
difficulty associated with transduction of two separate a- and
B-chain transgenes led to the development of chimeric scFv
receptors. First-generation scFv chimeric receptors comprised
an extracellular antigen recognition domain of a single-chain
antibody fused via a hinge region to a transmembrane and
cytoplasmic signaling domain containing either TCR-¢ or
FceRI-y. As the recognition domain of the receptor is usually
derived from a mouse monoclonal antibody, antigen recog-
nition is not MHC dependent, unlike the physiological TCR,
but rather directed to native cell surface molecules. Among
the first tumor-associated antigens (TAAs) to be targeted with
the scFv approach was erbB2 (HER2/neu), a proto-oncogene
product of the epidermal growth factor receptor family that
is upregulated on a number of cancers including breast
and ovarian carcinomas and associated with poor prognosis.
A significant advantage of the scFv-modified T cell approach
relative to TCR transgene modification is its versatility to be
adapted to targets of various classes including glycolipids and
carbohydrates that have a lower frequency of mutation com-
pared with antigen of protein origin. Carbohydrate residues
also present as effective immunotherapeutic antigens because
of their aberrantly high expression on tumors (9). One carbo-
hydrate antigen that has generated much attention is Lewis-Y
(LeY), a carbohydrate residue that is expressed on a large
proportion of small-lung cancers and carcinomas of the ovary
and breast. Recent studies in our laboratory have shown the
ability of primary human T cells transduced with an anti-Le?
chimeric scFv receptor to specifically delay the growth of
a Le” -positive human ovarian carcinoma cells in vivo and
that these gene-modified T cells were not inhibited by solu-
ble Le" antigen present in patient serum (10). Over the past
decade, single-chain antibody receptors targeting a wide range
of TAAs have been developed, enabling the scFv approach to
be applied to the treatment of several types of malignancies
(Table 1).

Although scFv chimeric receptors can be targeted to a
broad range of antigens on tumors, the monospecific nature
of scFv receptors restricts their targeting to a single anti-
gen. As such, heterogeneous expression of antigen targets
on a tumor creates a potential problem. Therefore, constructs
targeting two or more antigens have been generated. A bis-
pecific chimeric scFv receptor comprising an extracellular
binding domain of two fused scFv antibody fragments showed
reactivity against both carcinoembryonic antigen (CEA) and
mucin pan-adenocarcinoma tumor antigen (TAG-72). The
coupling of the bispecific scFv receptor to a TCR-¢ signal-
ing domain resulted in specific lysis of target cells expressing
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Table 1 Redirection of T cells to tumor by chimeric scFv receptors

Cancer type Target antigen Chimeric receptor Effector cell Study type References
B cell CD19 scFv-¢ Human In vivo (11)
scFv-CD28-CD137-¢ Human In vivo (12)
CD20 scFv-4-1BB-¢ Human In vitro (13)
scFv-¢ Human In vitro (14)
scFv-CD28-¢ Human In vitro (15)
scFv-SP163-CD28-CD137-¢ Human In vivo (16)
B lymphoma idiotype scFv-y Mouse In vitro (17)
Colon CEA scFv-¢ Mouse, human In vivo (18)
scFv-¢ Human In vitro (19)
scFv-CD28-¢ Mouse, human In vivo (20)
scFv-CD28-¢ Human In vitro (21)
scFv-¢ Human Clinical (22)
EGP40 scFv-y Human In vitro (23)
Ovarian FBP scFv-y Mouse In vivo (24)
scFv-y Human In vitro (25)
Breast and associated erbB2,3,4 scFv-¢ Mouse, human In vivo (26)
scFv-y Mouse In vivo (27)
scFv-CD28-¢ Mouse, human In vivo (28)
scFv-CD28-¢ Human In vivo (29)
heregulin-g Rat, mouse In vitro (30,31)
Prostate PSMA scFv-¢ Human In vivo (32)
scFv-CD28-¢ Human In vivo (33)
Adeno- TAG-72 scFv-¢ Human In vivo (34)
Carcinoma scFv-¢ Human In vitro (35)
Melanoma GD3 scFv-¢ Human In vitro (36)
HMW-MAA scFv-y MD45 In vitro (37)
HLA-MAGE-A1 scFv-y Hybridoma In vitro (38)
Many KDR scFv-y Human In vitro (39)
(neovas-culature) VEGFR2 VEGF-¢ Mouse In vivo (40)
Neuro-blastoma GD2 scFv-t Human In vitro (41)
Many EGP2 scFv-t Human In vitro (42)
scFv-y Human In vitro (43)
Renal cell carcinoma CA9 scFv-y Human In vitro (44)
CAIX scFv-CD4-y Human In vitro (45)
scFv-CD4-y Human Clinical (45)
scFv-y Human In vitro (46)
Epithelia Lewis-Y scFv-CD28-¢ Human In vivo (47)
scFv-y MD45 hybridoma In vitro (48)
Lymphoma CD30 scFv-y Human In vitro (49)
Cervical CD44 v7/8 scFv-t Mouse In vivo (50)
Leukemia CD33 scFv-t Human In vitro (51)
scFv-CD28-¢ Human In vitro (52)
scFv-ICOS-¢ Human In vitro (52)
scFv-4-1BB-¢ Human In vitro (52)
Multiple cancers 8H9 scFv-CD28-¢ Human In vivo (53)
MUC1 scFv-CD28-0X40-¢ Human In vivo (54)
Mesothelin scFv-CD28-CD137-¢ Human In vivo (55)
Rhabdomyosarcomas (fAChR) scFv-¢ Human In vitro (56)

CAIX, carboxy-anhydrase-IX; CEA, carcinoembryonic antigen; EGP, epithelia glycoprotein; FBP, folate-binding protein; GD, gangliosides; HMW-MAA,
high molecular weight melanoma associated antigen; ICOS, inducible T cell costimulator; KDR, kinase insert domain-containing receptor; PSMA,
prostate-specific membrane antigen; scFv, single-chain variable fragment; TAG-72, mucin pan-adenocarcinoma tumor antigen; VEGF, vascular
endothelial growth factor.

either antigens in vitro (57). This concept now requires fur- antigens that can be targeted by scFv receptors is limited
ther validation in preclinical animal models. Nevertheless, only by the capacity to produce a corresponding antibody.
this study highlights the broad potential of the scFv recep- The mechanism by which chimeric scFv receptors medi-

tor approach. Fundamentally, the spectrum of cell surface ate the destruction of target cells following specific antigen
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activation remains to be fully elucidated; however, several
studies have shown that different cytolytic pathways may be
involved depending on whether T cell lines or primary T cells
were used and the type of target cells used. Previous mech-
anistic studies have shown that murine CD8" T cells trans-
duced with a scFv anti-CEA receptor evoked cytolytic activity
using a perforin-dependent pathway and were not reliant upon
FasL. or tumor necrosis factor (TNF) for rejection of colon
carcinoma in vitro and in vivo (58). However, work in our
laboratory has shown that the Fas/FasL pathway was impor-
tant in the lysis of CEA-positive target cells by a MD45 T cell
line transduced with an anti-CEA scFv receptor. Importantly,
the target cells in the study were Fas sensitive (59). The func-
tional release of cytokines, including IL-2, interferon (IFN)-vy,
granulocyte-macrophage colony-stimulating factor and TNF-
a, in response to activation of scFv receptor-modified cells
may also produce direct or indirect antitumor effects (55).
Further experiments using human T cells transduced with
chimeric scFv receptor constructs may further enhance our
understanding of cytolytic pathways involved in target cell
destruction of human cancers.

Application of scFv receptor-modified T cells

in vivo

The in vivo antitumor efficacy of scFv receptor-modified
T cells was first evaluated in a Winn-type assay (60). In
these studies, erbB2T NIH-3T3 tumor cells were combined
with either nontransduced or scFv-anti-erbB2(FRP5)-¢ trans-
duced mouse T cells (C196), prior to subcutaneous injection
into athymic nude mice. Mice injected with gene-modified
C196 cells showed inhibition of erbB2" tumor cell growth
for up to 8 days compared with no inhibition of tumor cell
growth by non-transduced C196 cells. A similar result was
observed in a 4-day established subcutaneous NIH-3T3-erbB2
tumor model in nude mice. In this model, transduced C196
cells were shown to more effectively traffic to the tumor
site than non-transduced T cells (60). Together, these results
showed that genetic modification of T cells with a scFv-
based chimeric receptor could confer antitumor reactivity
in vivo. Following the optimization of retroviral transduc-
tion methods for primary T cells, further studies showed that
scFv-anti-erbB2(FRP5)-¢ transduced primary mouse T cells
could also mediate an effective and specific antitumor
response in vivo. The consecutive intratumoral transfer of
these gene-modified T cells for 5 days into BALB/c mice
bearing subcutaneous erbB2™ HC11 mouse mammary epithe-
lial tumor cells resulted in total tumor regression (61). More
recently, T cells transduced with scFv chimeric receptors have
been shown to mediate antitumor effects in even more strin-
gent mouse tumor models. Primary mouse T cells engrafted
with scFv-anti-erbB2 or scFv-anti-CEA receptors have been
shown to mediate specific rejection of established metastatic
breast carcinoma or subcutaneous colon carcinoma, respec-
tively, when administered intravenously post tumor inocula-
tion (28). An important observation in these studies was the
ability of engineered T cells to effectively localize to the site
of tumor burden following systemic administration.
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In other in vivo studies, the antitumor activity of receptor-
modified murine TIL cells was evaluated in mouse models
bearing either intraperitoneal or pulmonary metastases (62).
In one of these studies, nude mice were intraperitoneally
implanted with human IGROV-1 ovarian cancer cells and
treated 3 days later with scFv-anti-folate-binding protein
(FBP)-¢ transduced TIL cells derived from mouse MC38
colon adenocarcinoma cells. Mice treated with gene-
engineered TIL cells showed significantly increased sur-
vival (~90 days) compared with mice treated with TIL cells
expressing an irrelevant chimeric scFv receptor (~31 days)
(62). These results were particularly encouraging given that
dissemination of ovarian cancer to the surface of the peri-
toneal cavity is a likely occurrence in patients with this dis-
ease. In the second study, irradiated C57BL/6 mice were given
intravenous injections of a murine 24JK sarcoma cell line
transduced with the FBP gene (24JK-FBP). After 3 days, mice
were treated with scFv-anti-FBP transduced TIL cells, which
led to a significant decrease in the number of lung metastases
compared with mice that received TIL cells transduced with
an irrelevant scFv receptor (62). These studies showed that
gene-modified T cells had the capacity to specifically react
against tumor in vivo; however, high and consecutive doses
of IL-2 were required for the therapeutic effect.

Further studies assessing the function of scFv receptor
expressing T cells in vivo have included chimeric receptors
reactive against the metastasis-associated variant of CD44,
vb-exon, TAG-72 and vascular endothelial growth factor
receptors (VEGFR). One study showed that engineered C196
mouse CD8' lymphocytes expressing a scFv-anti-CD44v6-g
construct were able to specifically inhibit the growth of rat
pancreatic carcinoma (AS14) xenografts in BALB/c nude
mice. However, the ability of these receptor-engineered cells
to prevent tumor metastases was not reported (63). In another
study, human peripheral blood lymphocytes (PBL) express-
ing a humanized scFv-anti-TAG72(CC49)-¢ chimeric recep-
tor were shown to be 75%—-100% immunoprotective when
coadministered subcutaneously with human colon adenocar-
cinoma cells (LS174T) or intraperitoneally with FasL-positive
endometrial carcinoma-derived KLE-B cells into SCID-NOD
mice (34). Interestingly, the expression of FasL by tumor cells
did not affect the survival or function of engineered T cells in
vivo. The antitumor activity of primary mouse T cells express-
ing a chimeric scFv receptor reactive against murine VEGFR
Flk-1 has also been assessed in vivo (40). The transfer of
CD8™ T cells engineered with a scFv-anti-VEGFR-{ recep-
tor into tumor-bearing mice showed reduction in the growth
of 7-day established subcutaneous implants of murine ade-
nocarcinoma (CT26) in BALB/c mice, B16.F10 melanoma
in C57BL/6 and nude mice, and LS174T human adenocarci-
noma in nude mice (40). Importantly, the therapy showed no
toxicity despite the fact that Flk-1 is expressed to some degree
on normal tissue of the retina, kidney and pancreas. Despite
the fact that IL-2 had no independent antitumor effect in these
models, its coadministration with engineered T cells was crit-
ical to generate a significant therapeutic effect. In addition,
response rates of greater than 70% tumor growth inhibition
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were only achieved following multiple doses of engineered
T cells.

The in vivo antitumor responses reported by gene-modified
effector cells in these studies have proved promising; how-
ever, the effective treatment of large established tumors by
engineered effector cells still remains a major therapeutic hur-
dle. To address this limitation and improve the effectiveness
of the chimeric scFv receptor approach, considerable interest
has been shown in the development of chimeric scFv receptors
that provide additional stimulatory signals.

Enhancing effector cell activity by modifica-
tion of scFv receptor signaling components

Despite the ability of engineered T cells expressing these
first-generation receptors to mediate antitumor activity against
early tumor in vivo, the response was limited when dealing
with established disease. This was thought to be because of
the inability of these receptors to induce proliferation of rest-
ing T cells and/or trigger the production of optimal amounts
of cytokine, thereby resulting in suboptimal T cell activity.
Given that under normal circumstances resting T cells require
both a primary TCR-derived signal and a secondary cos-
timulatory signal for full activation, chimeric scFv receptors
lacking one or both of these signals could result in apop-
tosis or unresponsiveness of the engineered cell. A number
of strategies have been used to bypass this problem includ-
ing the administration of exogenous IL-2, immunization with
tumor cells transfected with B7-1 or B7-2 genes or the addi-
tion of CD28 mAbs; however, each of these approaches has
had limited success.

An alternative and potentially more therapeutically feasible
approach to circumvent the problem of T cell anergy in the
absence of costimulation has been to engineer T cells with
second-generation chimeric scFv receptors that incorporate a
functional antigen-dependent costimulatory signal (Figure 1).
A number of molecules with costimulatory activity in T cells
have been identified, including CD2, CD4, CD8, CD5 and
CD28 (64, 65). The CD28 receptor, in particular, has been

Tumor Cell

Gene-modified T cell o= ® 3:

Cytotoxic Molecules
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shown to play an important role in the activation of naive
T cells via interaction with members of the B7 family of
molecules expressed on the surface of Antigen presenting
cells (APCs). As such, the successful generation of a chimeric
scFv receptor containing a CD28 intracellular domain, linked
in tandem with either the TCR-¢ or FceRI-y domains, has
been a major development in this field and found to be
required for the full activation of engineered T cells (66).
Adoptive transfer experiments showed that mice administered
T cells expressing the scFv-CD28-¢ receptor showed greater
reduction in tumor burden, including established metastatic
disease, compared with mice that received T cells expressing
the first-generation scFv-¢ receptor (67).

Several studies have also assessed whether incorporation
of other costimulatory domains into the chimeric receptor
construct could enhance effector T cell function. Costimu-
latory domains evaluated have included TNF receptor fam-
ily members such as 4-1BB, inducible T cell costimulator
(ICOS) and OX40 (68). However, when compared in vitro
with T cells expressing the scFv-CD28-¢ chimeric receptor,
no enhanced effector cell function was reported for chimeras
containing these different costimulatory domains (51). Fur-
ther studies comparing the antitumor activity of T cells engi-
neered with these various receptors needs to be performed
in vivo. The latest development in the area has involved
the functional assessment of third-generation scFv recep-
tors expressing three stimulatory domains linked in series
(Figure 1). One study showed that T cells transduced with
a scFv-anti-CD19-CD28-4-1BB-TCRg receptor improved the
antigen-specific activation, proliferation and cytolytic activ-
ity compared with T cells engineered with an anti-CDI19-
CD28-TCRg receptor (12). Another study by the same group
reported enhanced persistence of T cells gene engineered with
an anti-mesothelin scFv-CD28-4-1BB-TCR¢ receptor com-
pared with T cells gene modified with chimeric receptors con-
taining only two signaling domains (55). An additional study
has involved incorporation of a src kinase, Ick, into the recep-
tor design. This kinase is postulated to promote CD8 or CD4
cross-linking, which in turn, can promote phosphorylation of

Figure 1 Genetically modified T cells expressing first-, second-
and third-generation scFv receptors. The single-chain variable
fragment (scFv) of an antibody that specifically binds tumor-
associated antigen (TAA) is linked via a hinge region to a
transmembrane and cytoplasmic signaling tail. First-generation
receptors comprise one signaling domain, such as T cell
receptor (TCR)-¢ or FceRIl-y. Second-generation receptors
contain two signaling domains such as the costimulatory
CD28 domain linked in tandem with the TCR-t domain. Third-
generation receptors comprise three stimulatory domains, such
as CD28, 4-1BB and TCR- linked in series. Upon specific
recognition of TAA by the chimeric scFv receptor, activation of
T cells results in release of cytotoxic molecules and destruction
of tumor target cells.
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immunoreceptor tyrosine-based activation motifs within the
chimeric receptor, thus increasing chimeric receptor potency.
Interestingly, T cells expressing the scFv-CD28-TCR¢-Ick
receptor showed increased IL-2 production following stimula-
tion in vitro (69). Thus, design of optimal scFv receptor con-
structs comprising multiple costimulatory domains remains to
be fully elucidated in preclinical animal models.

Enhancing the proliferative capacity, survival,
persistence and tumor localization of
gene-modified T cells

For gene-modified T cells, to mount an effective antitumor
response, they must not only be able to specifically recognize
tumor antigen via their scFv receptor but also have the ability
to proliferate following activation, traffic to and persist at the
tumor site. For conventional T cells, the proliferative response
to tumor is often poor because of low tumor immunogenicity
and early deletion of self-reactive T cells from the repertoire.
In addition, costimulatory ligands may be absent or down-
regulated on a tumor or APC (if not fully activated by poorly
immunogenic tumor). The inclusion of a CD28 signaling
component in scFv chimeras, as discussed in the previous
section, has been shown to initiate a two- to four-fold increase
in antigen-specific proliferation (67). However, the levels of
scFv receptor-mediated proliferation do not currently match
the proliferative responses observed for T cells in response
to foreign antigen, but this may be improved with further
optimization of intracellular scFv signaling domains.

Another approach to improve the proliferative capacity of
engineered T cells involves the generation of dual-specific
T cells that recognize both a specific tumor associated antigen
(TAA) and a potent immunogen. Such dual-specific T cells
have been shown to react to both TAA and immunogens
including alloantigen, Epstein—Barr virus, cytomegalovirus
and influenza virus (70, 71). In vivo expansion of alloreac-
tive T cells modified with a chimeric scFv-anti-FBP recep-
tor has been shown following immunization with allogeneic
cells and, importantly, produced antitumor effects following
adoptive transfer into mice bearing FBPT tumor (72). Thus,
dual-specific T cells may enable the generation of an antitu-
mor proliferative response equivalent to the potent response
produced to infectious agents. In addition, as the endogenous
specificity of dual-specific T cells is already known, there is
reduced risk that these cells comprised autoreactive clono-
types and may therefore provide a safer alternative to the
use of bulk T cell populations for adoptive immunotherapy
strategies.

Several strategies are currently being investigated to
enhance the long-term survival and persistence of engineered
T cells in vivo. These include genetic over-expression of
antiapoptotic molecules such as Bcl-2 and Bcl-X;, inhi-
bition of molecules involved in the downregulation of
immune responses such as PD1 and CTLA-4, and the use
of pro-survival cytokines such as IL-2, IL-15 and IL-7 during
culture or administration of T cells (68).

To further enhance the antitumor response by gene modifi-
cation of T cells, investigations in our laboratory and oth-
ers have shown enhanced therapeutic efficacy when both
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CD4" and CD8" gene-modified T cells were coadministered,
in contrast to mice administered with either subtype alone.
Notably, the response rates observed correlated with local-
ization and persistence of both gene-engineered CD4" and
CD8™ T cells at the tumor site (73). Critical for this effect
was the requirement that the transferred CD4™" T cells were
antigen specific. Importantly, mice that survived primary
tumor challenge were able to reject subsequent tumor chal-
lenge in an antigen-specific manner, showing the long-term
persistence of functional engineered cells in these mice. Fur-
ther analysis of T helper CD4* subtypes (Thy vs Thy) showed
that help provided by engineered Th; CD4" cells, enabled a
stronger recall response to rechallenge with antigen express-
ing tumor cells (73).

Crucial to a successful antitumor response is the ability
of sufficient numbers of immune cells to traffic to and
penetrate the site(s) of tumor challenge. In an antigen-
mediated immune response, pro-inflammatory danger signals
at the tumor site induce the upregulation of chemokines and
vascular adhesion molecules in tumor tissue through pattern
recognition receptors at the surface of dendritic cells and
Natural killer (NK) cells. Such danger signals can attract
T cells that express the appropriate chemokine receptors and
adhesion molecules. The expression of chemokines by tumor
cells makes them a plausible target for the redirection of
specific T cells to the tumor site; however, tumor-reactive
T cells often lack the necessary receptor for chemokines
produced by the tumor. T cells engineered to constitutively
express the chemokine receptor CXCR2 showed initiation of
calcium ion mobilization (important for chemokine receptor
signaling), migration toward tumor and secretion of IFN-y
in response to the corresponding chemokine ligand CXCL1
in vitro (74). Furthermore, in vivo analysis is required to
validate the potential application of T cells engineered to
express chemokine receptors.

Genetic engineering of alternative immune cell
types

Genetic engineering of host immune cells is not limited to
T cells alone and as such other effector cell types used in redi-
rection strategies using single-chain receptors provide addi-
tional avenues for adoptive cellular therapies. NK cells can
eradicate tumor or virally infected cells that possess defective,
altered or absent MHC class I surface expression. However,
the activity of NK cells is often inhibited by expression of
ligands binding NK cell inhibitory receptors and/or downreg-
ulation of ligands for NK cell activation receptors. To address
this, several antitumor scFv constructs have been engineered
into NK cells to redirect their lysis toward TAA regardless
of MHC expression status. For example, CD56"CD3~ NK
cells retrovirally transduced with a scFv-¢ chimeric receptor
redirected against the CD19 molecule could enhance NK
cell-specific lysis of leukemic cells. Furthermore, the addition
of a 4-1BB costimulatory molecule (CD137) into the chimeric
receptor (scFv-anti-CD19-4-1BB-t) enhanced the activation,
cytotoxicity and cytokine secretion of transduced NK cells in
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vitro compared with NK cells whose chimeric scFv recep-
tor lacked the 4-1BB component (75). Studies undertaken in
our laboratory have shown that mouse NK cells engineered
to express a scFv-anti-erbB2-CD28-¢ construct could specif-
ically eradicate tumors in a proportion of mice following
adoptive transfer (76). Taken together, these results indicate
that utilization of gene-engineered NK cells may broaden the
scope of adoptive cellular immunotherapies used either alone
or in combination with other immune effector cells.

The specificity of LAK cells can also be altered through
the expression of chimeric scFv receptors. One study showed
that LAK cells generated from mice transgenic for a scFv-¢
receptor gene construct could specifically and effectively lyse
wild-type LAK cell resistant EL4 tumor targets transfected
with the appropriate antigen (77). Transgenic LAK cells were
unable to lyse antigen-negative EL4 tumor cells. Hence, this
set of experiments showed that conferring LAK cells with
an additional non-MHC-restricted specificity might improve
the function of these cells for use as an effective anticancer
treatment.

Neutrophils are another potential type of effector cell that
may be harnessed for genetic modification with chimeric
scFv receptors and redirected against disease. Bone marrow-
derived neutrophils, however, are terminally differentiated
and programmed to die within a few days, thus render-
ing these cells unfit for transduction. A more efficient
method of generating gene-modified neutrophils has been to
either expand and differentiate retrovirally transduced CD34
progenitor cells in vitro using the appropriate cytokines
or propagate these cells in vivo following transplantation
of hematopoietic stem cells (HSCs) into immunodeficient
mice (78). Using such approaches, one study showed that
neutrophils expressing either a scFv-y or scFv-{ chimeric
receptor, reactive against gp120, could mediate target-specific
cytolysis in vitro. Interestingly, neutrophils transduced with
the scFv-¢ construct showed greater cytolytic function than
the scFv-y chimera (78).

Macrophages are phagocytic cells whose principal role is
to engulf and digest cellular debris and foreign matter. These
leukocytes also play a role in antigen processing and presen-
tation, thereby stimulating lymphocytes and other immune
cells to respond effectively to pathogen. Macrophages are
capable of lysing target cells through the release of reactive
oxygen intermediates and production of cytokines including
IL-1P and TNF-a following receptor cross-linking. One strat-
egy aimed at redirecting the lytic function of macrophages
toward cancer cells involved the expression of a mem-
brane anchored scFv fusion protein, reactive against the
breast cancer-associated antigen MUCI. This involved using
a recombinant nonreplicative modified vaccine Ankara virus-
based gene-transfer vector (79). Macrophages expressing the
scFv construct were shown to specifically produce IL-12 and
lyse targets following exposure to MUCI-expressing tumor
cells, despite the lack of a specific cytoplasmic signaling
domain in the chimera. Although the mechanism by which
the fusion protein triggered macrophage activity remains
unclear, the enhanced binding of macrophages to tumor tar-
gets may have facilitated the interaction of other cell surface
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receptors that in turn may have contributed to the antitumor
activity.

Other studies have evaluated the feasibility of using genet-
ically modified HSCs for human immunodeficiency virus
(HIV) or cancer treatment. In two separate studies, mice were
depleted of bone marrow and reconstituted with either retro-
virally transduced HSC that expressed a chimeric receptor
reactive against either gp120 (80) or FBP (24). Interestingly,
in both models, T cell independent immunity was observed.
Depletion of T cells in mice reconstituted with FBP-reactive
HSC did not abrogate tumor inhibition, suggesting that trans-
duced effector cells, other than T cells, could confer effective
protection against tumor. This was also consistent with a study
by Hege et al., in which transplantation of gene-modified HSC
into immunodeficient SCID mice led to protective immunity
by circulating myeloid cells and NK cells that expressed high
levels of the chimeric receptor (80). Taken together, these
results showed the ability of effector populations other than
T cells to redirect systemic immunity. The design of chimeric
scFv receptor strategies that harness multiple immune cell
functions could be used as a progressive treatment of disease
either independent of or combined with T cell therapy and
other conventional therapies.

Clinical application of gene-modified T cells

The successful generation and expansion of gene-engineered
human T cells ex vivo in conjunction with encouraging pre-
clinical results in animal models have justified the translation
of this approach to the clinic. As the successful transduction
of T cells by retroviruses required the cells to be actively
cycling, patient T cells have been harvested from small blood
donations or leukaphoresis samples and activated in cul-
ture using antibodies, lectins and/or IL-2 prior to retroviral
transduction (81). The efficiency of this initial protocol has
been improved by the use of polycations such as recombi-
nant fibronectin fragments (retronectin)that enhance virus and
T cell interactions (82).

Initial clinical trials evaluated the function of engineered
T cells using scFv-CD4-¢ transduced T cells targeting the
HIV gpl20 antigen in acquired immunodeficiency disease
syndrome patients. A cohort of 24 patients received a
single dose of 2 x 10'°-3 x10'” gene-modified autologous
CD4% and CD8" T cells. The transferred T cells were
well tolerated in patients and circulating anti-gp120 CD4*
and CD8" transduced T cells could be detected up to 42
weeks post infusion, with evidence of trafficking to mucosal
HIV reservoirs. Gene-modified virus-specific T cells showed
sustained cell survival in these patients, independent of
exogenous IL-2 administration (83). In a subsequent Phase
I trial involving a cohort of 40 patients, some reduction in
levels of HIV burden and a trend toward reduced recurrent
viremia was observed (84).

Clinical evaluation of human T cells transduced with
an anti-MART-1 TCR transgene showed for the first time
that gene-modified human T cells could elicit antitumor
efficacy in melanoma patients. Two of the fifteen patients
administered T cells cultured for only 6-9 days ex vivo prior
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to re-infusion and together with lymphodepletion exhibited
sustained objective responses that correlated with persistence
of the gene-engineered T cells (3). Although this response
was lower than that observed in previous TIL therapy trials,
it provided landmark evidence that engineered T cells could
produce antitumor efficacy and that unlike TIL cells, gene-
modified T cells have the potential to target a broad range of
tumor antigens present on a wide range of tumor types.

Another clinical trial involved the use of autologous T cells
retrovirally transduced with an anti- carboxy-anhydrase-IX
(CAIX) scFv receptor to patients with renal cell carci-
noma (85). In this trial, several patients developed progressive
liver toxicity related to increasing doses of gene-modified
T cells, thought to be the result of autoimmunity produced
against target antigen expressed on normal liver tissues.
This indicates that careful choice of antigen for targeting
is highly important for future clinical trials. Another recent
trial assessed the feasibility of using gene-engineered autol-
ogous T cells for the treatment of ovarian cancer. Gene-
engineered T cells expressing a scFv-anti-folate-y receptor
chimeric receptor in conjunction with high-dose exogenous
IL-2 were administered to an initial cohort of eight ovarian
cancer patients. In this trial, no reduction in tumor burden was
observed and over half the patients experienced toxic side
effects, most likely related to IL-2 administration. In addi-
tion, despite the detection of gene-modified T cells early after
transfer, there was no long-term persistence of transferred
cells (52). The inclusion of murine components and lack of
a costimulatory domain within the scFv receptor construct in
these first-generation scFv-engineered T cells were thought
to be responsible for inducing a human anti-mouse antibody
effect and suboptimal effector cell activation, respectively,
hindering the antitumor response. Despite lack of effective
antitumor activity by scFv-transduced T cells in these clini-
cal trials, they have provided important information for future
trials. Upcoming trials will test second-generation scFv con-
structs comprising a costimulatory CD28 signaling domain
linked in tandem with TCR-t (scFv-CD28-t) that has been
shown to enhance T cell proliferation and persistence in vivo
and use a ‘humanized’ scFv antibody to avoid immunogenic-
ity. Indeed, our group will be shortly commencing a Phase 1
trial using a fully humanized scFv-anti-Le' -CD28-¢ receptor
for the treatment of multiple myeloma patients.

Incorporation of safety measures for gene-
engineered cells

Retroviruses provide an efficient means of transducing cells
with TCR or scFv transgenes. However, their use raises con-
cerns regarding the possibility of inducing oncogenesis in
the host cells caused by random insertion into the genome.
Genomic integration of viral vectors may result in dereg-
ulation of growth control in immune cells, which could
in turn, lead to lymphoma or leukemia. The introduction
of transgenes into HSCs led to leukemia in some patients
because of the unintentional activation of oncogenes (86).
In addition, leukemia was also reported in mice that had
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received mouse HSCs transduced with a nerve growth factor
reporter gene (87). These studies highlighted that gene ther-
apies involving the transduction of HSCs need to be treated
with caution. Nevertheless, there have been no reported trans-
formation events involving adoptive transfer of gene-modified
T cells to date. Alternative means of gene transduction are
also currently being investigated including the use of lentivi-
ral vectors(88), nonviral transposon systems (89) and direct
RNA electroporation techniques (90).

To safeguard against any adverse events, the introduction
of a conditional ‘suicide gene’ into engineered T cells may
selectively eliminate adoptively transferred cells should toxic-
ity occur. Initially, genes derived from pathogens, such as the
herpes simplex thymidine kinase (HSVtk) gene, were used.
HSVtk has the ability to convert specific nucleoside analogs,
including the antiviral drug gancyclovir, into lethal products
that induce death of the dividing cell. However, limitations
to this approach have been reported from clinical trials where
slow dividing engineered T cells expressing the HSVtk were
not effectively eliminated. Instead, T cell responses to the
HSVtk protein led to selective and rapid deletion of trans-
ferred T cells (91). Therefore, other suicide gene strategies
have been trialed. One innovative approach has proposed
the use of inducible Fas and Caspase 9 as suicide genes.
The activation of both these molecules is dependent on a
dimerization process, which can be induced by manufactured
chemical inducers of dimerization (CID). T cells transduced
with a retroviral vector encoding the dimerizable gene can
be selectively eliminated following exposure to CID (92).
Another approach has investigated the transgene expression
of CD20 as a suicide gene for genetically modified T cells.
Human T cells transduced with a retroviral vector encoding
the human CD20 molecule have been efficiently lysed follow-
ing administration of a humanized anti-CD20 Ab (Rituximab)
and complement (93). These approaches are yet to be trialed
in patients.

The foremost type of potential toxicity associated with redi-
rected T cell therapy is damage to normal tissue expressing the
same antigen as that targeted by adoptively transferred cells.
Depending on the therapy, autoimmunity may be expected
but tolerable, as in the transfer of melanoma-reactive T cells
that induced vitiligo (94), or potentially dangerous, as in the
administration of T cells expressing anti-CAIX chimeras that
led to liver toxicity (45). In addition, autoimmunity against
other, nontargeted self-antigens could arise from the use of
T cell lines rather than T cell clones, especially when an
in vitro approach that overcomes tolerance and expands rare
endogenous autoreactive T cells is used. In order to prevent
or limit possible receptor-mediated damage to normal tissue,
it is important to determine the factors that influence tar-
get cell susceptibility to lysis by redirected effector cells. In
experiments evaluating the functional expression of chimeric
anti-CEA or anti-erbB2 scFv-¢ receptors in MD45 hybridoma
cells, it was shown that the degree of target cell lysis medi-
ated by transfected MDA45 cells correlated with the level of
scFv receptor expression. Furthermore, the cytolytic activity
mediated by receptor-modified cells was shown to be greater
against tumor targets expressing a higher level of antigen (95).
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In another study, the level of cytokine secretion by human
PBL engineered with a scFv-anti-gangliosides(GD)2-¢ recep-
tor was shown to correlate with the level of GD2 expressed on
the surface of target cells (41). More recently, it was shown
that gene-modified T cells targeting the Le? antigen secreted
higher levels of IFN-y in response to target cells expressing
high levels of Le' antigen. There was negligible response
of modified T cells against tumor targets or normal tissue
(i.e. neutrophils) expressing low levels of Le! antigen (47).
Taken together, these data suggest that the cytotoxic function
of redirected T cells can be influenced by the scFv receptor
and TAA density on effector and target cells, respectively. In
a further study, the antitumor activity of engineered human
T cells, expressing either high or low levels of a scFv-anti-
G250-y chimeric receptor, was assessed against renal cell
carcinoma cell lines expressing varying amounts of G250
antigen (46). A functional and dynamic balance between scFv
receptor densities on engineered T cells and TAA density on
target cells was found. T cells expressing high-density lev-
els of scFv receptor were triggered by both high-density and
low-density TAA-positive target cells, which led to specific
lysis and secretion of cytokines. In contrast, low-density scFv
receptor expressing T cells were only triggered for cytoly-
sis and cytokine production by high-density TAA-positive
target cells (46). Therefore, even though the redirection of
engineered effector cells with high receptor densities may pre-
vent the escape of tumor cells expressing low antigen levels,
they may also possess a greater ability to mediate damage
of normal tissue expressing the same antigen at physiological
levels.

Future perspectives

The utilization of genetically engineered T cells for disease
treatment has developed at a rapid pace with therapeutic
efficacy now shown against established cancer in patients
that have not responded to conventional therapies. Develop-
ment of modified TCR transgenes to prevent mispairing with
endogenous TCR, generation of second- and third-generation
scFv receptors and the ability to engineer multiple immune
cell subtypes has broadened the scope of adoptive cellular
immunotherapy. These advances have enabled enhanced func-
tion of T cells outside the tolerizing environment of the host
and overcome limitations presented by poorly immunogenic
tumors. Nevertheless, such strategies must be pursued with
caution and safeguards put in place to ensure any deleterious
side effects are minimized or eliminated.

Recent studies have focused on development of scFv
receptor constructs that incorporate novel intracellular signal-
ing domains. T cells gene modified with second-generation
scFv receptors incorporating the CD28 costimulatory domain
linked in tandem with the TCRg signaling domain have
shown increased antitumor function in vitro and in experi-
mental murine models and are now being clinically translated.
It will be interesting to determine whether development of
third-generation scFv receptors may further enhance antitu-
mor function of gene-modified T cells and whether they have
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any clinical benefit in patients in future trials. The advance
in design of TCR transgenes to reduce potential mispairing
with endogenous TCR has been a recent focus from several
laboratories. It remains to be determined whether these modi-
fications will translate into better outcomes for patients. Other
important developments include the isolation of TCR’s rec-
ognizing antigen with higher affinity and achieving high level
stable expression of these transgenes in effector T cells.

There are a number of new strategies that could be used to
increase the efficacy of gene-engineered T cells. To enhance
antitumor responses of gene-engineered T cells, it is impor-
tant that these cells expand, traffic to, persist and function
at the tumor site. Studies performed in experimental mouse
models and in patients have clearly shown that the envi-
ronment into which T cells are transferred into can have
a significant impact on cell survival and therapeutic effi-
cacy. Lymphodepletion in mouse models and in patients prior
to adoptive transfer can improve the antitumor efficacy of
transferred cells. It is thought that this may be through the
elimination of suppressive cells such as T regulatory cells,
the removal of endogenous cells that compete for activat-
ing cytokines and/or the increased function and availability
of antigen presenting cells (96). Increasing lymphodepletion
with total body irradiation, together with the combined trans-
fer of CD34" cells and TIL cells, has dramatically improved
antitumor responses (97). It will be interesting to see whether
this type of regimen can similarly enhance antitumor effects
following transfer of gene-engineered T cells into patients.

Current immunotherapy regimens involving TIL cells have
used IL-2 to expand and activate cells in vitro and in vivo.
However, IL-2 can induce toxicity in patients. In future stud-
ies involving gene-engineered T cells, it will be interesting
to determine whether other cytokines such as IL-7, IL-15 and
IL-21 may enable greater expansion and functional activity of
gene-modified T cells while reducing potential toxicity. For
example, priming T cells in the presence of IL-21 has led to
increased antitumor effects in vivo following adoptive transfer
compared with cells primed with IL-2 and IL-15 (98).

A potential problem with transfer of retrovirally transduced
effector cells is for these cells to undergo transformation and
possibly react against normal tissue expressing target antigen.
Encouragingly, there have been no reports of transformation
involving transfer of gene-modified T cells both in animal
models or patients. Nevertheless, there are now several
strategies being developed that may be able to eliminate
rogue T cells if required. To reduce potential autoimmunity
arising from transfer of gene-engineered T cells, a number
of strategies are being pursued. These include the expression
of two or more scFv receptors targeting multiple TAAs, and
targeting of antigens that are truly tumor specific or expressed
only at very low levels on normal host tissue.

In conclusion, genetic modification of T cells with scFv
chimeric receptors or TCR transgenes holds great promise
for the treatment of cancers of numerous histologies. Ongoing
research in optimizing gene-transfer technology and effector
cell function will continue to advance this approach. The
next era of adoptive cellular immunotherapy is entering an
exciting phase with much of the preclinical work performed
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on optimizing therapy using gene-engineered T cells to be
soon translated into cancer patients.
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