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B-cell chronic lymphocytic leukaemia (B-CLL) remains an incurable disease due to the high risk of relapse, even after complete
remission, raising the need to control and eliminate residual tumor cells in long term. Adoptive T cell therapy with genetically
engineered specificity is thought to fulfil expectations, and clinical trials for the treatment of CLL are initiated. Cytolytic T cells
from patients are redirected towards CLL cells by ex vivo engineering with a chimeric antigen receptor (CAR) which binds to CD19
on CLL cells through an antibody-derived domain and triggers T cell activation through CD3ζ upon tumor cell engagement.
Redirected T cells thereby target CLL cells in an MHC-unrestricted fashion, secret proinflammatory cytokines, and eliminate
CD19+ leukaemia cells with high efficiency. Cytolysis of autologous CLL cells by patient’s engineered T cells is effective, however,
accompanied by lasting elimination of healthy CD19+ B-cells. In this paper we discuss the potential of the strategy in the treatment
of CLL, the currently ongoing trials, and the future challenges in the adoptive therapy with CAR-engineered T cells.

1. Introduction

B-cell chronic lymphocytic leukaemia (B-CLL) is the most
common leukaemia in the western hemisphere with escalat-
ing incidence. Although treatment of B-CLL has achieved
significant progress during the last years based on the use
of nucleoside analoga, monoclonal antibodies, and bone
marrow transplantation [1–5], the disease is rarely cured,
even in those patients with complete molecular remission
[6–8]. Interest is therefore growing in activating the immune
system, by single agents or in combination with chemother-
apy, to control the disease. The application of monoclonal
antibodies, including anti-CD20 and anti-CD52 antibodies,
substantially improved response rates and progression-free
survival [9]. Allogeneic haematopoietic stem cell transplan-
tation induced a significant T cell-mediated graft-versus-
leukemia response and durable remissions in a subset
of patients with chemotherapy-refractory B-CLL [4, 5].
Genetically modified malignant cells enhanced the anti-
tumor response [10, 11]. The isolation of B-CLL-reactive

T cells from patients with long-lasting tumor regression
[12] sustained the concept that adoptive cell therapy with
CLL specific T cells may be successful in controlling the
disease. Advances in genetic engineering of a recombinant
T cell receptor (TCR) and of a chimeric antigen receptor
(CAR) provide the technology to modify T cells ex vivo with
predefined specificity for use in specific cell therapy. This
paper summarizes recent experiences with CAR-engineered
T cells for the use in adoptive therapy of B-CLL.

2. Redirecting T Cells towards B-CLL

Tumor-specific T cells can be genetically engineered in large
quantities by engrafting with a recombinant TCR or alterna-
tively with a CAR of predefined tumor specificity. In contrast
to the TCR, the CAR consists of one trans-membrane
polypeptide chain; the extracellular domain is composed of a
single chain fragment of variable region (scFv) antibody for
binding; the intracellular domain provides T cell activation
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through the CD3ζ endodomain upon antigen engagement
[13–15]. The “T-body” concept thereby combines the power
of the targeting antibody with the effector mechanisms of
cytolytic T cells [14, 16]. The CD3ζ molecule contains three
immunoreceptor tyrosine-based activation motifs (ITAMs)
which are phosphorylated to initiate T cell activation; the
first and third ITAMs additionally cause apoptosis. Inacti-
vation of these ITAMs by mutation consequently decreased
apoptosis and enhanced survival of redirected T cells upon
CAR signalling [17–19]. By using an antibody for target
recognition, CAR-redirected T cells bypass the MHC haplo-
types of the individual patients and undergo T cell activation
in an MHC-unrestricted fashion. CAR-modified T cells can
thereby be redirected towards antigens of various structure
and composition. Alternatively, T cells can be redirected in an
MHC-restricted fashion by using antibody-derived binding
domains with TCR-like specificity [20–22]. Genetically engi-
neered with a CAR, modified T cells are amplified ex vivo to
numbers suitable for adoptive cell therapy and administered
to the patient upon preconditioning. Preclinical and clinical
data, which are discussed below, provide strong evidence that
peripheral blood T cells from B-CLL patients can successfully
be redirected to initiate an effective antitumor response even
in advanced stages of the disease.

Success of adoptive therapy with modified T cells, how-
ever, depends upon efficient and durable expression of the
transgenic CAR. Mostly murine γ-retroviral vectors are used
to modify T cells taking advantage of its small size, stable
transgene integration, and the ability to generate vector
batches of high titres. Up to 1010 gene-modified T cells can
be obtained by retroviral transduction in a Good Manufac-
toring Procedure-conform manner. However, the strong
mitogenic stimulus required for retrovirus transduction may
result in T cells which have undergone excessive replica-
tion and are suboptimal for an efficient anticancer response.
Lentiviral vectors, in contrast, require cytokine prestimula-
tion of recipient cells which generates T cells with a less
differentiated phenotype. Recent developments such as the
incorporation of a measles virus envelope protein into viral
particles allow transductions with less or without T cell
stimulation. Alternatively, naked plasmid DNA or RNA by
electroporation is used to obtain CAR-modified T cells;
the DNA transfection efficiency is low requiring exten-
sive T cell amplification prior-clinical application. Recent
developments in transposon technology suggest that these
technologies may also be amenable to clinically modifying
T cells in the near future.

3. CD19 Is a Good Target for a Redirected
T Cell Attack of B-CLL Cells

The target for CAR-mediated tumor cell recognition is
crucial for the therapeutic success, and several issues have
to be considered. The target must be expressed on the cell
surface of the tumor cell to be recognized by CAR-modified
T cells. Most “tumor-associated antigens”, however, are self-
antigens and not exclusively expressed on tumor cells but
on cells of healthy tissues as well. Malignant cells moreover
show extreme flexibility, loose target antigen expression, and

the tumor may recover despite an ongoing immune response.
Ideal would therefore be a target molecule which is causally
associated with the malignant phenotype since antigen-loss
tumor cell variants which are not furthermore recognized
by CAR-redirected T cells would loose their malignancy and
enter senescence.

To selectively target B-CLL cells, CD19 seems to be a good
target since it fulfils some although not all of the above-cited
criteria. CD19 is physiologically expressed on B-lineage cells
of almost all stages, from the pro-B-cell to mature B-cell, and
is in particular absent from plasma cells, hematopoietic stem
cells and other tissues. CD19 decreases the threshold for B-
cell activation by assembling with the antigen receptor which
enables B-cells to respond to different antigens in a specific
and sensitive manner. B-lineage leukemia cells including B-
CLL express CD19 at high levels, even during progression of
the disease. Targeting CD19 is therefore ideal for redirected
therapy of B-CLL, and no myelosuppression, apart from B-
cell depletion, or other organ toxicities is expected due to the
restricted CD19 expression. CD20 is expressed by nearly the
same cells as CD19; targeting CD20 may be an alternative,
however, with the same expected side effects.

The receptor tyrosine kinase-like orphan receptor 1
(ROR1) may be an alternative target for eliminating B-CLL
cells [23]. Compared to CD19, ROR1 has the advantage that
it is not expressed on normal B-cells. ROR1 is an oncofetal
antigen and expressed by undifferentiated embryonic stem
cells but not by major adult tissues apart from low levels in
adipose tissue and at an early stage of B-cell development.
CAR-modified T cells with specificity for ROR1 eliminate B-
CLL cells but not mature normal B-cells. The expression on
some normal tissues, however, suggests potential toxicity of
ROR1-specific T cells.

4. The CAR Redirected T Cell Antitumor
Response Benefits from Costimulation

According to the “two-signal paradigm,” T cells require in
addition to the TCR/CD3 signal (“signal 1”) a second signal
called costimulation or “signal 2” to sustain pro-longed acti-
vation, to improve proliferation, to increase cytokine secre-
tion, and to avoid anergy. CD28 costimulation increases bcl-
2 and bcl-xL expression [24] and thereby improves resistance
towards activation-induced cell death by preventing apop-
tosis. To provide CD28 costimulation along with CAR sig-
nalling, the CD3ζ endodomain was combined with the CD28
costimulatory domain in a so-called “second generation”
CAR with combined CD28-CD3ζ signalling moiety [25, 26].
There is increasing support for the use of alternative costim-
ulation, for example, via 4-1BB (CD137) or OX40 (CD134),
both members of the CD28 family. Each of these costimula-
tory domains modulates the redirected effector functions in a
different fashion including cytokine secretion, proliferation,
and prevention from activation-induced cell death [27, 28].
CD28 costimulation mediates IL-2 secretion [26, 29, 30];
without simultaneous costimulation through the native B7-
CD28, 4-1BB, and OX40 costimulation do not induce IL-
2 although both increasing IFN-γ secretion. CD28-CD3ζ
CAR stimulated T cells thereby indirectly increase antitumor
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efficacy by sustaining survival, proliferation, and recruiting
other activated bystander T cells in the tumor environment.
OX40 and 4-1BB costimulation, however, is superior in
preventing activation-induced cell death and in sustaining
T cell survival. These observations lead to CARs with two
costimulatory domains to further improve T cell potency
and persistence by augmenting the levels of anti-apoptotic
proteins [31]. Combining CD28, OX40 and CD3ζ as well
as CD28 with 4-1BB and CD3ζ induced superior T cell
expansion and cytokine secretion. 4-1BB-CD3ζ alone, how-
ever, is superior in antileukaemia activity in vivo compared
to CD28-CD3ζ or CD28-OX40-CD3ζ CARs [32]. CAR-
mediated T cell cytotoxicity as revealed by in vitro short-
term assays, however, is independent of costimulation. Taken
together combining costimulatory domains with CD3ζ
allows for specifically modulating T cell effector functions in
order to sustain a long-lasting antitumor response.

Costimulation, moreover, provides benefit when T cells
enter the immune-suppressive environment of tumors. Im-
mune repression, mostly more pronounced in solid tumors,
is mediated infiltrating suppressive cells and by tumor cells
itself through repressive cytokines or the altered metabolism
which results in the depletion from essential nutrients or
the accumulation of immunosuppressive metabolites in the
microenvironment. Metabolites with suppressive activity in-
clude indolamine-2,3-dioxygenase (IDO), arginase, induci-
ble nitric oxide synthetase (iNOS), and lactate dehydroge-
nase (LDH)-A, all repressing the adaptive immune response.
One of the repressive cytokines is TGF-β expressed by a
variety of tumor cells on the cell surface and secreted into
the tumor environment and expressed by repressive immune
cells. CD28 costimulation counteracts repression of T cell
proliferation by TGF-β thereby improving the antitumor
response of redirected T cells [33]. Treg cells infiltrating
the tumor mass repress a CAR-redirected T cell antitumor
response [34]. Since Treg cells require IL-2 for survival and
repression effector, T cells equipped with a CAR which is
deficient in inducing CD28-mediated IL-2 secretion exhibit
a superior antitumor response in presence of Treg cells
[35]. Taken together, appropriate costimulation can, at least
partially, counteract tumor-mediated immune repression.

5. In Vitro Evidence for the Efficacy of
CAR-Redirected T Cells toward B-CLL Cells

T cells engineered with a CD19-specific CAR with CD3ζ
or combined CD28-CD3ζ signalling domain are currently
explored for targeting B-CLL cells. Both CARs can efficiently
be expressed on peripheral blood T cells and activate T
cells in a CD19-dependent fashion indicated by increase in
proinflammatory cytokines including IFN-γ (Figures 1(a)
and 1(b)). CAR-driven T cell activation is antigen-specific
since unmodified T cells or T cells with a CAR of irrelevant
specificity are not activated upon binding to CD19+ cells. In
contrast to CD3ζ CAR signalling, T cells triggered by the
CD28-CD3ζ CAR, furthermore, secrete IL-2 (Figure 1(c)).
Anti-CD19 CAR T cells from healthy donors exhibit cytolytic
activity towards B-CLL cells in vitro (Figure 1(d)). The redi-
rected cytolytic activity in a short term in vitro cytotoxicity

assay is not substantially higher by CD28-CD3ζ compared
to CD3ζ CAR T cells which is in accordance to other reports
using CARs of different specificities [29]. The efficacy in both
the CD3ζ and CD28-CD3ζ CAR-redirected cytolysis does
not furthermore increase with the level of CD19 expression
on B-CLL cells (Figure 1(e)) implying that the CD19 levels
on B-CLL cells are high enough to cross-link the anti-
CD19 CAR for synapse formation and signalling. Anti-CD19
CAR-modified T cells, however, do not distinguish between
normal B-cells and B-CLL cells leading to the elimination of
normal B-cells as well (Figure 1(f)).

Peripheral blood T cells from B-CLL patients can be
redirected towards autologous B-CLL cells. CAR-engineered
T cells increase IFN-γ secretion when engaging autologous
B-CLL and additionally secrete IL-2 when stimulated by the
CD28-CD3ζ CAR (Figure 1(g)). Patient’s T cells efficiently
lyse autologous B-CLL cells in a short term in vitro assay.

B-CLL cells are resistant to Fas-mediated cell death [36]
rising the question how CAR-engineered T cells execute lysis
of B-CLL cells. Basically, cytolytic T cells can lyse target
cells by a granzyme/perforin-dependent mechanism, which
requires Ca2+ release, via Fas/FasL interaction or via TNF-α.
The cytolytic activity of CD19-specific CAR T cells is blocked
by EGTA while nearly unaltered upon blocking Fas and
TNFα (Figure 2) indicating that cytolysis is predominantly
executed by a granule-dependent pathway to overcome Fas
resistance of B-CLL cells.

High-serum thymidine kinase-1 levels identify a sub-
group of patients with CLL at high risk for disease progres-
sion [37]. Thymidine kinase-1 is involved in the salvage path-
way for DNA synthesis, found in the cytoplasm of dividing
cells and is absent in resting cells [38]. Cycling tumor cells
are more susceptible to a redirected T cell attack compared to
resting cells. Accordingly, B-CLL cells with high proliferative
capacities from patients with high-serum thymidine kinase-
1 levels, that is, >10 U/L, are more efficiently eliminated by
redirected T cells in vitro than B-CLL cells from patients
with low-thymidine kinase-1 levels (Figure 3). Susceptibility
to a CAR-redirected T cell attack is not correlated with other
clinical prognostic factors like mutation of the immunoglob-
ulin heavy chain variable region (IgVH) locus. B-CLL cells in
the population of blood mononuclear cells from patients of
younger age are more efficiently eliminated than cells from
>70 year patients. This is likely due to the fact that regulatory
T (Treg) cells increase in numbers in the blood with
progression of the disease and thus with increasing patient’s
age [39]. Consequently, depletion from Treg cells accordingly
increased T cell-mediated elimination of B-CLL cells.

6. Murine Models Demonstrate Successful
Targeting of CD19+ Leukaemia Cells In Vivo

The CAR-redirected T cell response towards CD19+ target
cells was extensively studied in murine models. In most
studies, immunodeficient mice were engrafted with primary
human CD19+ leukaemia cells or cell lines before adoptive
transfer of engineered T cells [36, 40, 41]. Other models use
murine tumor cells which were equipped with the human
target antigen and attacked by engineered murine T cells.
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Figure 1: Continued.
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Figure 1: Anti-CD19 CAR redirects engineered T-cells towards CD19+ B-CLL cells. (a) Schematic diagram depicting the modular
composition of the recombinant CD19-specific chimeric antigen receptor (CAR). scFv: single chain fragment of variable region antibody;
IgG1: hinge-CH2CH3 domain of IgG1; TM: transmembrane domain; CD3ζ : intracellular domain of CD3ζ ; CD28: intracellular domain of
CD28. (b) Peripheral blood T cells were transduced by retroviral gene transfer to express the respective anti-CD19 CAR. CAR expression was
monitored by flow cytometry upon staining with a FITC-conjugated anti-CD3 antibody and a PE-coupled antihuman IgG1 Fc antibody
directed against the extracellular IgG1 CAR domain. (c) CAR-mediated T-cell activation was monitored by recording IFN-γ and IL-2
secretion upon coincubation of anti-CD19 CAR-engineered T cells (5× 105 cells/well) with primary CD19+ B-CLL cells (1× 105 cells/well).
After 24 hrs, IFN-γ and IL2 in the coculture supernatant were determined by ELISA. (d) Anti-CD19 CAR-engineered T cells (105 cells/well)
from healthy donors were coincubated with B-CLL cells (105 cells/well), and the viability of B-CLL cells was monitored by a flow cytometry-
based assay after 24 hrs. B-CLL cells were identified by staining for CD5 and CD19, T cells by staining for CD3, dead cells by staining with
7-AAD. The number of viable B-CLL cells was determined using “Rainbow beads” (Becton Dickinson) as standard. Spontaneous cytolysis
is recorded by incubation of B-CLL cells without T cells (−). CAR-redirected cytolysis was calculated in comparison to cytolysis by T cells
without CAR (w/o). (e) The efficacy in specific cytolysis by anti-CD19 CAR-engineered T cells (data from D) is independent of the CD19
expression level on B-CLL cells as determined by mean fluorescence intensity of CD19 staining. (f) Anti-CD19 CAR-engineered T cells
engineered with anti-CD19 CAR with CD3ζ and CD28-CD3ζ signalling domain, respectively, were incubated with allogeneic peripheral
blood B-cells (purity > 95%) (1×105 cells/well each). B-cells alone (−) and B-cells mixed with un-modified T cells without CAR (w/o) were
incubated as control. Specific cytotoxicity towards B-cells was recorded after 24 h by a flow cytometry-based assay. T–cells were identified
by CD3 staining, B-cells by CD5 and CD19 staining, apoptotic cells by 7-AAD staining. (g) CAR-engineered T cells from B-CLL patients
lyse autologous B-CLL cells. T cells from B-CLL patients (n = 3) were engineered with the CD3ζ and CD28-CD3ζ CAR, respectively, both
with specificity for CD19, and coincubated with autologous CD19+ B-CLL cells (each 1× 105 cells/well) for 24 hrs. Cytokine release into the
culture supernatant was determined by ELISA. CAR-engineered patient’s T cells showed improved cytotoxicity towards autologous B-CLL
cells, indicated by decrease in B-CLL cell viability, compared to nonmodified T cells. Data represent the mean ± standard error of mean.
Statistic calculations are based on Student’s t-test; ∗∗ represents P < 0.001.
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Figure 2: CAR-redirected T cells eliminate B-CLL cells pre-
dominantly via granule-mediated cytolysis. Anti-CD19scFv-CD3ζ
CAR T cells were co-incubated (1 × 105 cells/well) with B-CLL
cells (5 × 105 cells/well) in presence of the blocking anti-Fas-
ligand antibody (10 μg/mL), the neutralizing anti-TNFα antibody
(10 μg/mL), and EGTA (2 mM), respectively. Viability of B-CLL
cells was monitored by flow cytometry after 18 hrs. As controls, the
neutralizing capacities of the anti-TNF-α and anti-FasL antibodies
were assessed by incubation of sensitive indicator cells with the
respective reagents and antibodies in a cytotoxicity assay (data not
shown).

Although these studies demonstrated the elimination of
malignant cells from immunodeficient mice, they do not
reflect the clinical situation of the immunocompetent patient
who is tolerant to CD19 self-antigen and experienced a long
adaptation to the growing tumor cell mass.

A most recently reported model takes these issues into
account [18]. Anti-CD19scFv-CD28-CD3ζ CAR engineered
syngeneic T cells which target murine CD19 were adoptively
transferred to immune competent mice which expressed
CD19 on healthy B-cells and on a transplanted, syngeneic
lymphoma. Along with the antilymphoma activity anti-
CD19 CAR-engineered T cells exhibited profound and
long-lasting activity against healthy CD19+ B-cells without
recovery up to 200 days after adoptive T cell transfer. This
is in accordance with clinical experience where lymphoma
patients treated with anti-CD19 CAR T cells showed lasting
and complete depletion of B-cells [42]. In the clinical context,
B-cell depletion is manageable and can, at least partially, be
alleviated by immunoglobulin replacement.

An alternative model was described by Cheadle et al. [43].
In contrast to the above-described model, T cells were
engineered with a CD3ζ CAR without CD28 costimulatory
domain. CAR-modified T cells showed a profound anti-
lymphoma effect in the syngeneic mouse accompanied by

temporary depletion of healthy B-cells. Whether the differ-
ence depends on the presence or absence of CD28 costimu-
lation in the context of CAR-mediated T cell activation or on
the different CD19-binding domains remains to be explored.

7. Lymphodepletion Improves Antitumor
Efficacy of Redirected T-Cells

The immunocompetent mouse model [18], moreover, indi-
cated the crucial role of preconditioning for antilymphoma
efficacy of adoptively transferred T cells. When CAR mod-
ified T cells were transferred into mice without prior total
body irradiation, only marginal antilymphoma activity was
observed with minimal improvement in survival compared
to untreated mice. In contrast, all mice survived when
irradiated prior to adoptive T cell transfer. These and
other data confirm that lymphodepletion before adoptive
T cell therapy is crucial for antitumor efficacy [44, 45].
Increasing preconditioning improves antitumor efficacy of
adoptive T cell therapy [46]. The lymphodepleting regimen
is by itself not sufficient to elicit antitumor responses, their
benefit obviously results from the produced environment
which favours persistence and expansion of the adoptively
transferred T cells.

Several mechanisms may contribute to the observation
[47]. T cell homeostasis in number and function under
normopenic conditions in a normal host is tightly controlled
by multiple redundant mechanisms to protect the host from
uncontrolled immune responses against pathogens and from
harmful autoimmunity. Inducing lymphopenia by treatment
with cyclophosphamide and fludarabine or by total body
irradiation is assumed to provide a selective advantage
to adoptively transferred T cells. Nonmyeloablative treat-
ment eliminates regulatory T cells and other repressive
cell populations and eliminates immature dendritic cells
which anergize T cells. Cell populations competing for the
same survival and stimulatory cytokines, like IL-2, IL-7,
IL-15, and IL-21, are eliminated as well (“cytokine sinks”)
which enhances the availability of those factors to adoptively
transferred T cells. Under these conditions of an induced
proinflammatory environment adoptively transferred T cells
have selective advantage to undergo homeostatic expansion
and to improve effector functions. In this context, it is
worthwhile to note that the day of adoptive T cell transfer
in relation to preconditioning seems to be crucial since T
cells given at day 2 after stem cell transplantation show
superior amplification and persistence than cells given at
later days [48]. Safe nonmyeloablative lymphodepleting
preconditioning protocols are developed and are currently
used in adoptive T cell trials as summarized in Table 1.

Experimental data indicate that increased intensity
lymphoablation by high-dose total body irradiation given
together with haematopoietic stem cell transplantation fur-
ther improves efficacy of adoptive T cell therapy [50]. With
intensified ablation, the levels of pro-inflammatory cytokines
increased and tumor treatment efficacy improved. Increased
intensity of preconditioning, however, goes against the
current trend in hematopoietic stem cell transplantation to
reduce treatment-related adverse events by nonmyeloablative
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Figure 3: ZAP70-positive B-CLL cells are more efficiently eliminated by CAR-redirected T cells in vitro. The efficacy in specific cytolysis
by CAR-redirected T cells (data from Figure 1(d)) was plotted against (a) serum thymidine kinase-1 levels (<10 U/L versus >10 U/L), (b)
mutated versus unmutated status of the immunoglobulin heavy chain variable region of B-CLL cells, and (c) patient’s age (<70 yrs versus
>70 yrs). Closed circles represent CD3ζ CAR, open circles CD28-CD3ζ CAR-mediated B-CLL killing. Depletion from CD25high Treg cells
improves redirected cytolysis of B-CLL cells as exemplarily shown for two patients. Statistic calculations were performed using Student’s
t-test, ∗P < 0.05; ∗∗P < 0.001.
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Table 1: Phase 1 clinical trials using anti-CD19 CAR modified T cells for the treatment of B-cell malignancies (updated and adapted from
[49]).

Disease CAR configuration Preconditioning Status of trial
Clinical trials.gov
identifier

Clinical trial centre

B-CLL scFv-CD28-CD3ζ
none versus
cyclophosphamide

recruiting NCT00466531
Memorial
Sloan-Kettering
Cancer Center

B-ALL scFv-CD28-CD3ζ none recruiting NCT00709033
Baylor College of
Medicine

B-NHL, B-CLL
scFv-CD28-CD3ζ versus
scFv-CD3ζ

none recruiting NCT00586391
Baylor College of
Medicine

B-NHL, B-CLL
scFv-CD28-CD3ζ versus
EBV/scFv-CD3ζ

none recruiting NCT00608270
Baylor College of
Medicine

B-ALL scFv-CD28-CD3ζ cyclophosphamide recruiting NCT01044069
Memorial
Sloan-Kettering
Cancer Center

B-lymphoma, B-CLL scFv-CD28-CD3ζ
fludarabine plus
cyclophosphamide

recruiting NCT00924326
National Cancer
Institute

B-lymphoma/
leukemia

scFv-41BB-CD3ζ versus
scFv-CD3ζ

variable NCT00891215
The University of
Pennsylvania

B-NHL scFv-CD28-CD3ζ BEAM-R NCT00968760
MD Anderson
Cancer Center

refractory B-cell
lymphoma/leukemia

scFv-CD3ζ
fludarabine plus low
dose cyclophosphamide

recruiting
The University of
Manchester, UK

strategies. Myeloablation-associated toxicity needs therefore
be titrated against the benefit of improved antitumor efficacy.

8. Clinical Trials with CAR-Engineered
T Cells in the Adoptive Therapy of B-CLL

A panel of anti-CD19 CARs were characterized by means of
laboratory methods during the last decade. Good Manufac-
turing Processes (GMP) conform procedures are established
to modify T cells from the peripheral blood ex vivo with a
CD19-specific CAR and to subsequently expand engineered
T cells to numbers sufficient for adoptive cell therapy [51].
The processes allow generating clinically relevant doses of
CAR-engineered T cells in about 2-3 weeks in a semiclosed
culture system. After expansion, the diversity of the TCR
repertoire is preserved, and the CD4 : CD8 T cell ratio did not
change or rather increased. Modification of T cells by DNA
transfection turned out to be less efficient compared to viral
transduction [52].

CAR-modified T cells are currently explored in a number
of phase I trials for the therapy of B-CLL and other B-
cell malignancies (Table 1). Patients are receiving CAR-
engineered T cells in advanced stages of the disease, and the
optimal approach is currently being explored, in particular
the optimal dose and the intensity of lymphodepletion [49].
Lessons learnt from pre-clinical animal studies moreover
suggest superior antitumor performance of CD28 and 4-1BB
costimulatory CARs.

Most severe side effects reported for trials with adoptively
transferred CAR T cells were not treatment related; some,
although manageable, required temporary discontinuation

of therapy and protocol modification. In a phase I trial,
however, a treatment-related death of an extensively pre-
treated CLL patient occurred shortly after lymphodepletion
and infusion of CD28-CD3ζ CAR T cells at a total dose of
3×107 T cells per kg [53]. The patient was in the second dose
escalation cohort. In contrast to patients in the first cohort
who received the same number of T cells without developing
significant adverse events, this patient was the first to receive
cyclophosphamide pretreatment for lymphodepletion. The
syndromes patient developed immediately after T cell trans-
fer are consistent with an inflammatory cytokine cascade
after lymphodepletion which gave the clinical picture of renal
failure and adult respiratory distress syndrome. Although
toxicity did not appear to be directly caused by the modified
T cells, investigators modified the protocol by reducing T
cell dose and administering T cells in split doses to improve
safety. Two patients treated on this trial under the modified
protocol tolerated treatment without notable toxicities.

There is a clear correlation between persistence of modi-
fied T cells and clinical outcome [54]. To improve T cell
persistence, Epstein Barr virus- (EBV-) specific T cells are
used assumed that those T cells receive optimal and contin-
uous costimulation through their native TCR resulting
in longer survival and redirected cytotoxicity-mediated
through their CAR. Triggered by chronic EBV infection,
CAR-modified EBV-specific T cells, like other virus-specific
T cells, may be superior providing a long-lasting antitumor
response [54]. A recently initiated trial at Baylor College
of Medicine (NCT00608270) aims to address this issue for
the treatment of B-cell malignancies. Alternative strategies
avoiding the need to isolate EBV-specific T cell clones from
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each individual patient are needed to facilitate broad appli-
cation in long term. Application of homeostatic interleu-
kins like IL-7, IL-15, and IL-21 [36, 55, 56] is certainly not
selective in expanding modified T cells.

T cell persistence, moreover, seems to differ when T cell
clones or polyclonal T cell populations were transferred.
Modified T cells obtained from limiting dilution procedures
persisted for 1–3 weeks, compared to 5–9 weeks when pa-
tients received T cells from bulk cultures together with low-
dose IL-2 for 14 days [57]. In that trial, modified T cells
showed indications of efficacy in the treatment of B-cell
lymphoma since two treated patients maintained complete
partial responses, and four patients exhibited stable disease.

9. Challenges for the Targeted
Immunotherapy of B-CLL

9.1. The CAR Design. The impact of the individual CAR
domains on redirected T cell activation was recently dis-
cussed in detail [58]; we here focus on particular issues
related to anti-CD19 CARs. The CAR-targeting domain has
significant impact on redirected T cell activation. The anti-
CD19 scFvs currently used are derived from monoclonal
antibodies of different affinities targeting different epitopes
of CD19. Since both affinity and epitope impact CAR-
mediated T cell activation, the optimal combination needs
to be identified.

Most binding domains were derived from murine anti-
bodies. The generation of human antimouse antibody re-
sponses was reported in some trials including the generation
of anti-idiotypic antibodies which blocked CAR-mediated
antigen recognition [59, 60]. An antibody immune response
against modified T cells limits the persistence of modified T
cells; CARs with humanized domains will therefore be ben-
eficial.

A “spacer” domain between the scFv and the trans-
membrane domain improves binding to antigen by over-
coming steric hindrance in attaining sufficient proximity to
the target antigen. Most CARs therefore harbour the human
IgG1 hinge-CH2CH3 region between the scFv and trans-
membrane domain. The same spacer, however, may lead to
nonspecific activation of effector cells through interaction
with Fc receptors which can be, at least partly, prevented by
a modified Fc region [61]. Other spacer regions like CD8 can
alternatively be used.

While CAR-redirected T cells clearly exhibit antigen-spe-
cific and dose-dependent recognition of target cells, engi-
neered T cells sometimes produce small but potentially
crucial amounts of pro-inflammatory cytokines, such as
IFN-γ, even when the targeted antigen is absent [62]. A
recent study demonstrates that inactivation of the first and
third CD3ζ ITAM decreased non-specific IFN-γ production
by anti-CD19 CAR-modified T cells without impairment of
the antileukaemia activity [18]. The FcεRI γ chain which
harbours one ITAM in contrast to the three ITAMs in the
CD3ζ chain may alternatively be used as implied by earlier
studies [63].

“First generation” CARs transmit the signal through the
CD3ζ intracellular chain, “second generation” CARs added

a costimulatory domain like CD28, 4-1BB or OX40 to
improve T cell persistence and activation. While each of
these domains differentially modulates individual effector
functions [28], the benefit of each costimulation in mount-
ing the antitumor response needs to be determined. This is
moreover required for the most recent “third generation”
CARs with combined costimulatory domains.

9.2. The Effector T-Cell Population. Different T cell popula-
tions are currently explored for adoptive cell therapy; it is
still unresolved which T cell subset shows best therapeutic
performance. There is increasing evidence that cytotoxic
effector T cells are not a homogenous population but
consist of different subsets with individual phenotypes and
functional capacities. Resting CD8+ T cells in the peripheral
blood exist as naı̈ve, central memory, and effector memory T
cells. Effector and central memory T cells can be subdivided
on the basis of their expression of homing receptors to
lymphoid organs. Effector memory T cells develop effec-
tor functions more rapidly than central memory T cells,
however, secrete lower amounts of IL-2. In mouse models,
central memory T cells engraft, survive better, and exhibit
superior antitumor activity than effector memory T cells
[64]. Data were confirmed by a study of nonhuman primates
[65]. Central memory T cells can efficiently be produced ex
vivo by CD3 and CD28 stimulation which can be further
augmented by IL-7 and IL-15; CD3 stimulation in presence
of IL-2 showed less effective [66].

Naı̈ve T cells, however, represent the most common
CD8+ T cell phenotype and thereby the major source of
effector cells. Using T cells transgenically or retrovirally,
equipped with a tumor-specific TCR, [67] revealed that naı̈ve
T cell-derived effector cells are superior for proliferation and
cytokine production than effector cells derived from central
memory T cells. Longer persistence of those cells may result
in superior antitumor efficacy compared to central memory
T cells. The procedures for isolating and modifying naı̈ve
T cells from cancer patients in a GMP-compliant manner,
however, still need to be developed.

CD4+ and CD8+ lymphocytes are most frequently trans-
ferred since a mixture of those T cell subsets performs better
than either T cell subset alone in preclinical models [68].
Bulk T cells, however, contain regulatory T (Treg) cells which
repress the antitumor response [34, 35]. Since CD4+ T cell
depletion eliminates helper CD4+ T cells along with Treg cells
and depleting CD25high T cells also eliminates proliferating
T cells, a more specific strategy in eliminating Treg cells is
needed.

Issues additionally to be addressed in the near future
include the particular immune status and the decreasing T
cell number in the peripheral blood of patients in advanced
stages of the disease. The efficiency in collecting T cells
with sufficient functional capacities will be dependent on
the clinical situation in which T cells are collected, that is,
a patient in remission with minimal residual disease versus a
patient with bulk disease. This situation challenges collecting
adequate numbers of T cells to be expanded. Apart from
that, patients in advanced stages of the disease accumulate a
large number of antigen experienced T cells with diminished
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activation potential due to decreased CD3ζ expression and
downstream signalling capacities. Engineering with a CD3ζ
or CD28-CD3ζ signalling CAR may overcome some, but
not all defects in “burn-out” T cells of progressed tumor
patients. We assume that T cells in advanced stages of
terminal differentiation may require additional stimuli to
execute their effector functions. On the other hand, low T
cell counts in patients with advanced disease may limit the
overall efficiency in generating engineered T cells with the
consequence that multiple rounds of ex vivo amplifications
are required to provide clinically effective T cell numbers.
While longer ex vivo stimulation provides higher numbers of
CAR-modified effector cells, it remains questionable whether
their antitumor potency and proliferative capacity conserves
with expansion.

Protective immune response seems to be associated with
the ability of adoptively transferred T cells to form memory
[64]. Conditions which promote protective memory after
adoptive T cell transfer need to be established.

Although cytotoxic T cells are extremely effective elim-
inating larger haematopoietic tumor mass and of residual
tumor cells in preclinical model systems, other effector cells
may be envisaged. Beside T cells, NK cells can be effectively
redirected by engineering with CARs [69]. Anti-CD19 CAR
NK cells, modified by RNA transfer, showed redirected lysis
of CLL cells in vitro [70] providing hope for an alternative
effector cell population in adoptive therapy.

T cells from each individual patient need to be modified,
amplified, and tested prior to reinfusion. Local production
at each clinical institution requires individually approved
cell processing facilities and trained personnel to ensure
guideline conform production and the uniformity of the
cell product. From the regulatory point of view, one or few
central facilities may be advantageous which receive cells
from the individual patients and produce the cell product.
Once tested for safety parameters the cell product can be
shipped in a cryopreserved fashion to the clinical site and
locally stored until adoptive transfer to the patient.

9.3. Toxicity. T cells are mostly transduced by retro- or
lentivirus infection to obtain CAR modified cells with
high efficiencies. As far as safety concerns, mutagenesis
by insertion of the CAR encoding transgene needs to be
addressed. There is so far no reported experimental evidence
that retrovirally modified, mature polyclonal T cells produce
clonal amplification upon adoptive transfer [71]. Clinically,
malignant transformation was not observed in any case of
more than 100 patients who were treated so far with gene-
modified T cells which is in contrast to the treatment with
genetically modified haematopoietic stem cells. Apart from
that, the search for a safer vector system using nonintegrating
vectors [72], RNA transfer [73], or targeted recombination
into safe sites [74] is still ongoing.

Since CD19 targeting is not tumor specific, CD19+

healthy B-cells are eliminated as well. While this situation
is expected to be clinically manageable, selectivity for
B-CLL cells may be improved by targeting alternative, more
unique surface markers or by simultaneous targeting of
two different markers. To improve tumor cell selectivity,

CAR-redirected T cell killing can, moreover, be combined
with the administration of therapeutic antibodies as shown
for the anti-CD20 antibody rituximab which sustains the
antitumor activity of anti-CD19 CAR T cells in the treatment
of non-Hodgkin’s lymphoma [75].

Once adoptively transferred, controlling engineered T
cell in vivo represents an important option. High-dose
steroids showed effective in eliminating engineered T cells in
a recent trial [76]; alternative strategies using tagged receptor
molecules which can be targeted by depleting antibodies [77]
and an inducible caspase-based suicide system [78] showed
efficacy in experimental models.

10. The Way Ahead

We think it is quite possible that improvements in all of
these and potentially of additional aspects are required for
success in the T cell therapy of B-CLL in particular and of
malignant diseases in general. Cell dose for minimal toxicity
and maximal antitumor efficacy may be different for each
CAR, for each effector cell population, for each precondi-
tioning regimen, and others. The complexity of adoptive cell
therapy challenges standard clinical trial strategies lastingly
established in testing drug-based therapies. At least two
aspects have to be taken into account.

First, a standard in assay systems to monitor cell therapy-
induced immune responses needs to be defined to allow
comparison of data sets from different clinical trials.

Second, trials differ in such a large number of parameters
that it will be problematic to identify those aspects which
are critical for the effectiveness or ineffectiveness of a
protocol. Table 1 partly illustrates the issue for trials using
CD19 CAR-modified T cells. To unambiguously identify the
effects of defined changes in clinical trial protocols it will
require systematic “one-parameter trials” on the basis of a
standard format, in particular with respect to conditions
for cell modification, a CAR format, the target, and for
preconditioning. The currently recruiting trials using anti-
CD19 CAR modified T cells give chance for standardizing
and rapidly optimizing the strategy with respect to the
discussed parameters [49]. Although toxicities occurred in
early-phase trials and caution is still warranted, the potential
benefits of adoptive cell therapy with redirected T cells for
the therapy of B-cell malignancies should not be abandoned.
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Leukämie-Stiftung (Grant no. DJCLS R 09/02). P. Koehler
and P. Schmidt contributed equally to this work.

References

[1] W. Wierda, S. O’Brien, S. Wen et al., “Chemoimmunother-
apy with fludarabine, cyclophosphamide, and rituximab for
relapsed and refractory chronic lymphocytic leukemia,” Jour-
nal of Clinical Oncology, vol. 23, no. 18, pp. 4070–4078, 2005.



Advances in Hematology 11

[2] M. Montillo, A. Tedeschi, S. Miqueleiz et al., “Alemtuzumab
as consolidation after a response to fludarabine is effective in
purging residual disease in patients with chronic lymphocytic
leukemia,” Journal of Clinical Oncology, vol. 24, no. 15, pp.
2337–2342, 2006.

[3] B. F. Eichhorst, R. Busch, G. Hopfinger et al., “Fludarabine
plus cyclophosphamide versus fludarabine alone in first-
line therapy of younger patients with chronic lymphocytic
leukemia,” Blood, vol. 107, no. 3, pp. 885–891, 2006.

[4] M. Ritgen, S. Stilgenbauer, N. von Neuhoff et al., “Graft-
versus-leukemia activity may overcome therapeutic resis-
tance of chronic lymphocytic leukemia with unmutated
immunoglobulin variable heavy-chain gene status: implica-
tions of minimal residual disease measurement with quanti-
tative PCR,” Blood, vol. 104, no. 8, pp. 2600–2602, 2004.

[5] P. Dreger, S. Stilgenbauer, A. Benner et al., “The prognostic
impact of autologous stem cell transplantation in patients with
chronic lymphocytic leukemia: a risk-matched analysis based
on the V H gene mutational status,” Blood, vol. 103, no. 7, pp.
2850–2858, 2004.

[6] C. Moreno, N. Villamor, D. Colomer et al., “Allogeneic stem-
cell transplantation may overcome the adverse prognosis of
unmutated VH gene in patients with chronic lymphocytic
leukemia,” Journal of Clinical Oncology, vol. 23, no. 15, pp.
3433–3438, 2005.

[7] T. Zenz, M. Ritgen, P. Dreger et al., “Autologous graft-
versus-host disease-like syndrome after an alemtuzumab-
containing conditioning regimen and autologous stem cell
transplantation for chronic lymphocytic leukemia,” Blood, vol.
108, no. 6, pp. 2127–2130, 2006.

[8] M. Hallek and N. Pflug, “State of the art treatment of chronic
lymphocytic leukaemia,” Blood Reviews, vol. 25, no. 1, pp. 1–9,
2011.

[9] B. A. Christian and T. S. Lin, “Antibody therapy for chronic
lymphocytic leukemia,” Seminars in Hematology, vol. 45, no.
2, pp. 95–103, 2008.

[10] E. Biagi, R. Rousseau, E. Yvon et al., “Responses to human
CD40 ligand/human interleukin-2 autologous cell vaccine in
patients with B-cell chronic lymphocytic leukemia,” Clinical
Cancer Research, vol. 11, no. 19, pp. 6916–6923, 2005.

[11] W. G. Wierda, M. J. Cantwell, S. J. Woods, L. Z. Rassenti, C. E.
Prussak, and T. J. Kipps, “CD40-ligand (CD154) gene therapy
for chronic lymphocytic leukemia,” Blood, vol. 96, no. 9, pp.
2917–2924, 2000.

[12] T. Nishida, M. Hudecek, A. Kostic et al., “Development
of tumor-reactive T cells after nonmyeloablative allogeneic
hematopoietic stem cell transplant for chronic lymphocytic
leukemia,” Clinical Cancer Research, vol. 15, no. 14, pp. 4759–
4768, 2009.

[13] H. Abken, A. Hombach, C. Heuser, K. Kronfeld, and B.
Seliger, “Tuning tumor-specific T cell activation: a matter of
costimulation?” Trends in Immunology, vol. 23, no. 5, pp. 240–
245, 2002.

[14] Z. Eshhar, T. Waks, G. Gross, and D. G. Schindler, “Spe-
cific activation and targeting of cytotoxic lymphocytes
through chimeric single chains consisting of antibody-binding
domains and the γ or ζ subunits of the immunoglobulin and T
cell receptors,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 90, no. 2, pp. 720–724,
1993.

[15] T. N. M. Schumacher, “T cell-receptor gene therapy,” Nature
Reviews Immunology, vol. 2, no. 7, pp. 512–519, 2002.

[16] G. Gross, T. Waks, and Z. Eshhar, “Expression of immuno-
globulin-T cell receptor chimeric molecules as functional

receptors with antibody-type specificity,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 86, no. 24, pp. 10024–10028, 1989.

[17] B. Combadière, M. Freedman, L. Chen, E. W. Shores, P. Love,
and M. J. Lenardo, “Qualitative and quantitative contributions
of the T cell receptor ζ chain to mature T cell apoptosis,”
Journal of Experimental Medicine, vol. 183, no. 5, pp. 2109–
2117, 1996.

[18] J. N. Kochenderfer, Z. Yu, D. Frasheri, N. P. Restifo, and S. A.
Rosenberg, “Adoptive transfer of syngeneic T cells transduced
with a chimeric antigen receptor that recognizes murine CD19
can eradicate lymphoma and normal B-cells,” Blood, vol. 116,
no. 19, pp. 3875–3886, 2010.

[19] Y. Zhao, Q. J. Wang, S. Yang et al., “A herceptin-based
chimeric antigen receptor with modified signaling domains
leads to enhanced survival of transduced T lymphocytes and
antitumor activity,” Journal of Immunology, vol. 183, no. 9, pp.
5563–5574, 2009.

[20] E. Klechevsky, M. Gallegos, G. Denkberg et al., “Antitumor
activity of immunotoxins with T cell receptor-like specificity
against human melanoma xenografts,” Cancer Research, vol.
68, no. 15, pp. 6360–6367, 2008.

[21] R. A. Willemsen, C. Ronteltap, P. Chames, R. Debets, and
R. L. H. Bolhuis, “T cell retargeting with MHC class
I-restricted antibodies: the CD28 costimulatory domain
enhances antigen-specific cytotoxicity and cytokine produc-
tion,” Journal of Immunology, vol. 174, no. 12, pp. 7853–7858,
2005.

[22] G. Stewart-Jones, A. Wadle, A. Hombach et al., “Rational
development of high-affinity T cell receptor-like antibodies,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 106, no. 14, pp. 5784–5788, 2009.

[23] M. Hudecek, T. M. Schmitt, S. Baskar et al., “The B-cell tumor-
associated antigen ROR1 can be targeted with T cells modified
to express a ROR1-specific chimeric antigen receptor,” Blood,
vol. 116, no. 22, pp. 4532–4541, 2010.

[24] L. H. Boise, A. J. Minn, P. J. Noel et al., “CD28 costimulation
can promote T cell survival by enhancing the expression of
Bcl-xL,” Immunity, vol. 3, no. 1, pp. 87–98, 1995.

[25] H. M. Finney, A. D. G. Lawson, C. R. Bebbington, and A.
N. C. Weir, “Chimeric receptors providing both primary and
costimulatory signaling in T cells from a single gene product,”
Journal of Immunology, vol. 161, no. 6, pp. 2791–2797, 1998.

[26] A. Hombach, A. Wieczarkowiecz, T. Marquardt et al., “Tumor-
specific T cell activation by recombinant immunoreceptors:
CD3ζ signaling and CD28 costimulation are simultaneously
required for efficient IL-2 secretion and can be integrated
into one combined CD28/CD3ζ signaling receptor molecule,”
Journal of Immunology, vol. 167, no. 11, pp. 6123–6131, 2001.

[27] A. Hombach and H. Abken, “Costimulation tunes tumor-
specific activation of redirected T cells in adoptive immuno-
therapy,” Cancer Immunology, Immunotherapy, vol. 56, no. 5,
pp. 731–737, 2007.

[28] A. A. Hombach and H. Abken, “Costimulation by chimeric
antigen receptors revisited: the T cell antitumor response
benefits from combined CD28-OX40 signalling,” International
Journal of Cancer. In press.

[29] A. Hombach, D. Sent, C. Schneider et al., “T cell activation
by recombinant receptors: CD28 costimulation is required
for interleukin 2 secretion and receptor-mediated T cell
proliferation but does not affect receptor-mediated target cell
lysis,” Cancer Research, vol. 61, no. 5, pp. 1976–1982, 2001.

[30] A. Hombach, C. Schlimper, E. Sievers et al., “A recombinant
anti-carcinoembryonic antigen immunoreceptor with com-
bined CD3ζ-CD28 signalling targets T cells from colorectal



12 Advances in Hematology

cancer patients against their tumour cells,” Gut, vol. 55, no.
8, pp. 1156–1164, 2006.

[31] C. Carpenito, M. C. Milone, R. Hassan et al., “Control of
large, established tumor xenografts with genetically retargeted
human T cells containing CD28 and CD137 domains,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 106, no. 9, pp. 3360–3365, 2009.

[32] M. C. Milone, J. D. Fish, C. Carpenito et al., “Chimeric recep-
tors containing CD137 signal transduction domains mediate
enhanced survival of T cells and increased antileukemic
efficacy in vivo,” Molecular Therapy, vol. 17, no. 8, pp. 1453–
1464, 2009.

[33] H. Koehler, D. Kofler, A. Hombach, and H. Abken, “CD28
costimulation overcomes transforming growth factor-β-
mediated repression of proliferation of redirected human
CD4+ and CD8+ T cells in an antitumor cell attack,” Cancer
Research, vol. 67, no. 5, pp. 2265–2273, 2007.

[34] J. C. Lee, E. Hayman, H. J. Pegram et al., “In vivo inhibition of
human CD19-targeted effector T cells by natural T regulatory
cells in a xenotransplant murine model of B-cell malignancy,”
Cancer Research, vol. 71, no. 8, pp. 2871–2881, 2011.

[35] D. M. Kofler, M. Chmielewski, G. Rappl et al., “CD28
costimulation impairs the efficacy of a redirected T cell
antitumor attack in the presence of regulatory T cells which
can be overcome by preventing lck activation,” Molecular
Therapy, vol. 19, no. 4, pp. 760–767, 2011.

[36] R. J. Brentjens, J. B. Latouche, E. Santos et al., “Eradication
of systemic B-cell tumors by genetically targeted human
T lymphocytes co-stimulated by CD80 and interleukin-15,”
Nature Medicine, vol. 9, no. 3, pp. 279–286, 2003.

[37] M. Hallek, I. Langenmayer, C. Nerl et al., “Elevated serum
thymidine kinase levels identify a subgroup at high risk of dis-
ease progression in early, nonsmoldering chronic lymphocytic
leukemia,” Blood, vol. 93, no. 5, pp. 1732–1737, 1999.

[38] P.-Y. Ke and Z.-F. Chang, “Mitotic degradation of human
thymidine kinase 1 is dependent on the anaphase-promoting
complex/cyclosome—Cdh1-mediated pathway,” Molecular
and Cellular Biology, vol. 24, no. 2, pp. 514–526, 2004.

[39] G. D’Arena, L. Laurenti, M. M. Minervini et al., “Regulatory
T cell number is increased in chronic lymphocytic leukemia
patients and correlates with progressive disease,” Leukemia
Research, vol. 35, no. 3, pp. 363–368, 2011.

[40] C. M. Kowolik, M. S. Topp, S. Gonzalez et al., “CD28
costimulation provided through a CD19-specific chimeric
antigen receptor enhances in vivo persistence and antitumor
efficacy of adoptively transferred T cells,” Cancer Research, vol.
66, no. 22, pp. 10995–11004, 2006.

[41] M. C. Milone, J. D. Fish, C. Carpenito et al., “Chimeric recep-
tors containing CD137 signal transduction domains mediate
enhanced survival of T cells and increased antileukemic
efficacy in vivo,” Molecular Therapy, vol. 17, no. 8, pp. 1453–
1464, 2009.

[42] J. N. Kochenderfer, W. H. Wilson, J. E. Janik et al., “Eradication
of B-lineage cells and regression of lymphoma in a patient
treated with autologous T cells genetically engineered to
recognize CD19,” Blood, vol. 116, no. 20, pp. 4099–4102, 2010.

[43] E. J. Cheadle, R. E. Hawkins, H. Batha, A. L. O’Neill, S. J.
Dovedi, and D. E. Gilham, “Natural expression of the CD19
antigen impacts the long-term engraftment but not antitumor
activity of CD19-specific engineered T cells,” Journal of
Immunology, vol. 184, no. 4, pp. 1885–1896, 2010.

[44] W. W. Overwijk, M. R. Theoret, S. E. Finkelstein et al.,
“Tumor regression and autoimmunity after reversal of a func-
tionally tolerant state of self-reactive CD8+ T cells,” Journal of
Experimental Medicine, vol. 198, no. 4, pp. 569–580, 2003.

[45] L. Gattinoni, S. E. Finkelstein, C. A. Klebanoff et al., “Removal
of homeostatic cytokine sinks by lymphodepletion enhances
the efficacy of adoptively transferred tumor-specific CD8+ T
cells,” Journal of Experimental Medicine, vol. 202, no. 7, pp.
907–912, 2005.

[46] M. E. Dudley, J. C. Yang, R. Sherry et al., “Adoptive cell therapy
for patients with metastatic melanoma: evaluation of intensive
myeloablative chemoradiation preparative regimens,” Journal
of Clinical Oncology, vol. 26, no. 32, pp. 5233–5239, 2008.

[47] Y. Cui, H. Zhang, J. Meadors, R. Poon, M. Guimond, and
C. L. Mackall, “Harnessing the physiology of lymphopenia
to support adoptive immunotherapy in lymphoreplete hosts,”
Blood, vol. 114, no. 18, pp. 3831–3840, 2009.

[48] A. P. Rapoport, E. A. Stadtmauer, N. Aqui et al., “Rapid
immune recovery and graft-versus-host disease—like engraft-
ment syndrome following adoptive transfer of costimulated
autologous T cells,” Clinical Cancer Research, vol. 15, no. 13,
pp. 4499–4507, 2009.

[49] D. B. Kohn, G. Dotti, R. Brentjens et al., “CARs on track in the
clinic,” Molecular Therapy, vol. 19, no. 3, pp. 432–438, 2011.

[50] C. Wrzesinski, C. M. Paulos, A. Kaiser et al., “Increased
intensity lymphodepletion enhances tumor treatment efficacy
of adoptively transferred tumor-specific T cells,” Journal of
Immunotherapy, vol. 33, no. 1, pp. 1–7, 2010.

[51] D. Hollyman, J. Stefanski, M. Przybylowski et al., “Manufac-
turing validation of biologically functional T cells targeted to
CD19 antigen for autologous adoptive cell therapy,” Journal of
Immunotherapy, vol. 32, no. 2, pp. 169–180, 2009.

[52] C.-A. Tran, L. Burton, D. Russom et al., “Manufactur-
ing of large numbers of patient-specific T cells for adop-
tive immunotherapy: an approach to improving product
safety, composition, and production capacity,” Journal of
Immunotherapy, vol. 30, no. 6, pp. 644–654, 2007.

[53] R. Brentjens, R. Yeh, Y. Bernal, I. Riviere, and M. Sadelain,
“Treatment of chronic lymphocytic leukemia with genetically
targeted autologous t cells: case report of an unforeseen
adverse event in a phase i clinical trial,” Molecular Therapy, vol.
18, no. 4, pp. 666–668, 2010.

[54] M. A. Pule, B. Savoldo, G. D. Myers et al., “Virus-specific
T cells engineered to coexpress tumor-specific receptors:
persistence and antitumor activity in individuals with neu-
roblastoma,” Nature Medicine, vol. 14, no. 11, pp. 1264–1270,
2008.

[55] T. Numbenjapon, L. M. Serrano, W.-C. Chang, S. J. Forman,
M. C. Jensen, and L. J. N. Cooper, “Antigen-independent and
antigen-dependent methods to numerically expand CD19-
specific CD8+ T cells,” Experimental Hematology, vol. 35, no.
7, pp. 1083–1090, 2007.

[56] E. Huarte, J. Fisher, M. J. Turk et al., “Ex vivo expansion of
tumor specific lymphocytes with IL-15 and IL-21 for adoptive
immunotherapy in melanoma,” Cancer Letters, vol. 285, no. 1,
pp. 80–88, 2009.

[57] B. G. Till, M. C. Jensen, J. Wang et al., “Adoptive immunother-
apy for indolent non-hodgkin lymphoma and mantle cell
lymphoma using genetically modified autologous CD20-
specific T cells,” Blood, vol. 112, no. 6, pp. 2261–2271, 2008.

[58] J. S. Bridgeman, R. E. Hawkins, A. A. Hombach, H. Abken,
and D. E. Gilham, “Building better chimeric antigen receptors
for adoptive T cell therapy,” Current Gene Therapy, vol. 10, no.
2, pp. 77–90, 2010.

[59] C. H. J. Lamers, S. C. L. Langeveld, C. M. G. Ruijven, R.
Debets, S. Sleijfer, and J. W. Gratama, “Gene-modified T
cells for adoptive immunotherapy of renal cell cancer main-
tain transgene-specific immune functions in vivo,” Cancer



Advances in Hematology 13

Immunology, Immunotherapy, vol. 56, no. 12, pp. 1875–1883,
2007.

[60] C. H. J. Lamers, R. Willemsen, P. van Elzakker et al., “Immune
responses to transgene and retroviral vector in patients treated
with ex vivo-engineered T cells,” Blood, vol. 117, no. 1, pp. 72–
82, 2011.

[61] A. Hombach, A. A. Hombach, and H. Abken, “Adoptive
immunotherapy with genetically engineered T cells: modifica-
tion of the IgG1 Fc spacer domain in the extracellular moiety
of chimeric antigen receptors avoids off-target activation and
unintended initiation of an innate immune response,” Gene
Therapy, vol. 17, no. 10, pp. 1206–1213, 2010.

[62] J. N. Kochenderfer, S. A. Feldman, Y. Zhao et al., “Con-
struction and preclinical evaluation of an anti-CD19 chimeric
antigen receptor,” Journal of Immunotherapy, vol. 32, no. 7, pp.
689–702, 2009.

[63] J. H. Pinthus, T. Waks, V. Malina et al., “Adoptive immun-
otherapy of prostate cancer bone lesions using redirected
effector lymphocytes,” Journal of Clinical Investigation, vol.
114, no. 12, pp. 1774–1781, 2004.

[64] C. A. Klebanoff, L. Gattinoni, P. Torabi-Parizi et al., “Central
memory self/tumor-reactive CD8+ T cells confer superior
antitumor immunity compared with effector memory T cells,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 102, no. 27, pp. 9571–9576, 2005.

[65] C. Berger, M. C. Jensen, P. M. Lansdorp, M. Gough, C. Elliott,
and S. R. Riddell, “Adoptive transfer of effector CD8+ T cells
derived from central memory cells establishes persistent T cell
memory in primates,” Journal of Clinical Investigation, vol.
118, no. 1, pp. 294–305, 2008.

[66] S. Kaneko, S. Mastaglio, A. Bondanza et al., “IL-7 and IL-15
allow the generation of suicide gene modified alloreactive self-
renewing central memory human T lymphocytes,” Blood, vol.
113, no. 5, pp. 1006–1015, 2009.

[67] C. S. Hinrichs, Z. A. Borman, L. Cassard et al., “Adoptively
transferred effector cells derived from naı̈ve rather than central
memory CD8+ T cells mediate superior antitumor immunity,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 106, no. 41, pp. 17469–17474, 2009.

[68] M. Moeller, N. M. Haynes, M. H. Kershaw et al., “Adoptive
transfer of gene-engineered CD4+ helper T cells induces
potent primary and secondary tumor rejection,” Blood, vol.
106, no. 9, pp. 2995–3003, 2005.

[69] A. Kruschinski, A. Moosmann, I. Poschke et al., “Engineering
antigen-specific primary human NK cells against HER-2
positive carcinomas,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 105, no. 45, pp.
17481–17486, 2008.

[70] L. Boissel, M. Betancur, W. S. Wels, H. Tuncer, and H.
Klingemann, “Transfection with mRNA for CD19 specific
chimeric antigen receptor restores NK cell mediated killing of
CLL cells,” Leukemia Research, vol. 33, no. 9, pp. 1255–1259,
2009.

[71] S. Newrzela, K. Cornils, Z. Li et al., “Resistance of mature T
cells to oncogene transformation,” Blood, vol. 112, no. 6, pp.
2278–2286, 2008.

[72] M. Perro, J. Tsang, S. A. Xue et al., “Generation of multi-
functional antigen-specific human T cells by lentiviral TCR
gene transfer,” Gene Therapy, vol. 17, no. 6, pp. 721–732, 2010.

[73] Y. Zhao, E. Moon, C. Carpenito et al., “Multiple injections
of electroporated autologous T cells expressing a chimeric
antigen receptor mediate regression of human disseminated
tumor,” Cancer Research, vol. 70, no. 22, pp. 9053–9061, 2010.

[74] D. Carroll, “Progress and prospects: zinc-finger nucleases as
gene therapy agents,” Gene Therapy, vol. 15, no. 22, pp. 1463–
1468, 2008.

[75] K. Mihara, K. Yanagihara, M. Takigahira et al., “Synergistic
and persistent effect of T cell immunotherapy with anti-
CD19 or anti-CD38 chimeric receptor in conjunction with
rituximab on B-cell non-Hodgkin lymphoma,” British Journal
of Haematology, vol. 151, no. 1, pp. 37–46, 2010.

[76] C. H. J. Lamers, S. Sleijfer, A. G. Vulto et al., “Treat-
ment of metastatic renal cell carcinoma with autologous T-
lymphocytes genetically retargeted against carbonic anhydrase
IX: first clinical experience,” Journal of Clinical Oncology, vol.
24, no. 13, pp. e20–e22, 2006.

[77] E. Kieback, J. Charo, D. Sommermeyer, T. Blankenstein,
and W. Uckert, “A safeguard eliminates T cell receptor
gene-modified autoreactive T cells after adoptive transfer,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 105, no. 2, pp. 623–628, 2008.

[78] M. A. de Witte, A. Jorritsma, E. Swart et al., “An inducible cas-
pase 9 safety switch can halt cell therapy-induced autoimmune
disease,” Journal of Immunology, vol. 180, no. 9, pp. 6365–
6373, 2008.


