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Chimeric antigen receptors are genetically encoded artificial fusion molecules that can re-
program the specificity of peripheral blood polyclonal T-cells against a selected cell surface
target. Unparallelled clinical efficacy has recently been demonstrated using this approach
to treat patients with refractory B-cell malignancy. However, the approach is technically
challenging and can elicit severe toxicity in patients. Moreover, solid tumours have largely
proven refractory to this approach. In this review, we describe the important structural fea-
tures of CARs and how this may influence function. Emerging clinical experience is sum-
marized in both solid tumours and haematological malignancies. Finally, we consider
the particular challenges imposed by solid tumours to the successful development of
CAR T-cell immunotherapy, together with a number of innovative strategies that have

been developed in an effort to reverse the balance in favour of therapeutic benefit.
Crown Copyright © 2015 Published by Elsevier B.V. on behalf of Federation of European
Biochemical Societies.

1. Introduction

born after the year 1960 (Ahmad et al., 2015). One fundamental
difficulty stems from the poorly immunogenic nature of trans-

Overwhelming evidence supports the existence of sophisti-
cated immune surveillance mechanisms for cancer (Swann
and Smyth, 2007). By definition however, these natural de-
fense systems have been overwhelmed once cancer is clini-
cally detectable, an event that will afflict 50% of individuals

formed cells, in which most tumour-associated antigens are
derived from self, or subtle modifications thereof. In addition
to this, malignant cell populations deploy several mechanisms
to evade immune detection (Vinay et al., 2015). These include
the impairment of antigen-processing machinery and down-
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regulated expression of tumour antigens themselves and the
HLA molecules that are required for their cell surface presen-
tation. As tumours advance and acquire stromal support, they
establish a local and a systemic environment that is very
poorly conducive to effective sterilizing immune responses.
Indeed, tumours have been compared to “wounds that do
not heal” (Dvorak, 1986), emphasizing their ability to corrupt
a natural process during which cell growth, stroma formation,
matrix deposition, angiogenesis and the down-regulation of
both innate and adaptive immune mechanisms all occur in a
physiologically controlled manner (Ayala et al., 2003).

The demonstration that transformed cells are subject to im-
mune surveillance has important practical significance since it
opens a window of therapeutic opportunity. After many false
dawns, cancer immunotherapy is now entering the main-
stream of clinical medicine. The advent of immune checkpoint
blockade (reviewed elsewhere in this Special Issue) represents a
paradigm shift in the clinical management of cancer. For the
first time, this emerging modality places emphasis on pharma-
cological manipulation of the host, rather than of the disease.
Recently, the bi-specific T-cell engager (biTE) antibody blinatu-
momab, which is specific for CD19 and CD3, was approved for
the treatment of acute lymphoblastic leukaemia. Within the
broad theme of cancer immunotherapy, an equally exciting
development entails the genetic engineering of peripheral
blood T-cells using chimeric antigen receptor technology.
Chimeric antigen receptors (CARs) are HLA-independent fusion
molecules that couple the binding of a native target(s), dis-
played on the surface of tumour cells, to the delivery of a pre-
cisely defined T-cell activating signal (Figure 1). The ability to
engineer large numbers of T-cells to acquire a direct antibody-
like recognition system for antigen circumvents or mitigates
many of the immune evasion mechanisms mentioned above.

Immunotherapy using CAR T-cells has been under devel-
opment for almost three decades, but has witnessed a sub-
stantial increase in interest over the past 5 years or so. This
development has been largely driven by the unprecedented
success of CAR T-cells in Phase I trials targeted against a vari-
ety of B-cell malignancies (reviewed in Maher, 2014 and dis-
cussed further in section 4 below). Against this backdrop, it
is timely to review progress and hurdles that hinder the
further clinical development of this emerging therapeutic mo-
dality for cancer. Here, we focus on CAR design, recent clinical
experience in both solid and haematological malignancies
and will highlight some emerging approaches that aim to
improve the efficacy of this approach.

2. Chimeric antigen receptor design

The overall structure of a CAR consists of four domains joined
in series, namely: (i) an antigen recognition domain (targeting
moiety), (ii) a hinge/spacer, (iii) a transmembrane element and
(iv) a signalling endodomain (Figure 1). These will be consid-
ered in turn in the sections that follow.

2.1.  The targeting moiety

The CAR ectodomain determines target specificity and, most
commonly, contains elements derived from a monoclonal

antibody. Initial CAR designs were somewhat cumbersome
owing to the need to co-express both antibody variable heavy
(VH) and light chains (VL) in two separate polypeptide chains
(Gross et al., 1989; Kuwana et al., 1987). Realizing the transla-
tional potential of non-HLA restricted antigen recognition by
T-cells, Eshhar addressed this issue using a linker that allows
VH and VL chains to self-associate, thereby creating a single
chain antibody fragment (scFv) (Eshhar et al., 1993). Use of
murine hybridoma-derived scFvs is disadvantaged however
by their ability to elicit production of human anti-mouse anti-
bodies (HAMAS) in the host. Such antibodies can block CAR T-
cell function and may contribute to the accelerated clearance
of these cells in-vivo (Kershaw et al., 2006). Furthermore,
HAMAs may also lead to life-threatening complications such
as anaphylaxis, as reported recently in a patient treated with
repeated doses of mesothelin-specific CAR T-cells (Maus
et al., 2013). In order to circumvent this issue, several human-
ized and human scFvs have been generated, including those
that recognize HER2 (Sun et al., 2014; Zhao et al., 2009), the
variant III mutation of epidermal growth factor receptor
(EGFRvVIII) (Johnson et al., 2015) and mesothelin (Adusumilli
et al., 2014). Alternatively, targeting may be achieved using
peptides (Pameijer et al., 2007), single domain antibodies
(Sharifzadeh et al., 2013) or natural or chimeric ligands. These
include interleukin (IL)-13 (Kahlon et al., 2004; Kong et al,,
2012), heregulin (Altenschmidt et al., 1996; Muniappan et al.,
2000), or the T1E peptide, which binds several ErbB hetero-
and homodimers (Davies et al., 2012). Use of non-antibody
based targeting moieties has the advantage that neither
anti-mouse nor anti-idiotypic antibodies will be generated
although there remains a theoretical risk that antibodies
may be generated against junctional elements within the
CAR ectodomain.

2.2.  The hinge/spacer and trans-membrane domain

These elements play a predominantly structural role in the
CAR, although they may also affect function in some cases.
The spacer physically separates the targeting moiety from
the T-cell membrane. However, the optimum distance
required is likely to be different for each antigen. Illustrating
this, Guest et al. studied the effect of spacer inclusion in
four different CARs, targeting the pan-B-cell antigen CD19,
the onco-foetal antigen 5T4, carcinoembryonic antigen (CEA)
or neural cell adhesion molecule (NCAM). Whilst the inclusion
of a spacer enhanced cytokine release and cytotoxicity of 5T4-
and NCAM-targeted CARs, it had the opposite effect in CD19-
and CEA-targeted CARs (Guest et al., 2005). To enable efficient
target access, a spacer appears to be required if a CAR binds an
epitope that lies close to the target cell membrane, or when an
antigen is complex in size and glycosylation status, such as
MUC1 (Wilkie et al., 2008). Furthermore, human IgG-derived
spacers are commonly used due to their stabilizing action on
CAR expression but interactions between the Fc domain of
the spacer and Fc gamma receptors (FcyRs) on myeloid cells
can lead to activation-induced cell death of T-cells and limited
persistence in-vivo (Almasbak et al., 2015; Hudecek et al.,
2015). This can be overcome by deleting or modifying regions
of the constant heavy (CH)2 domain that are essential for FcyR
binding, thereby improving CAR T-cell persistence and anti-
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Figure 1 — Structural features of chimeric antigen receptors. A) An antigen-binding domain is typically comprised of antibody variable heavy (Vi)

1st gen.

3rd gen.

2nd gen.

Targeting
moiety

Hinge/spacer

Transmembrane

Signaling
domains

I CD3¢

Costimulatory
domains

and light (V) chains from a monoclonal antibody that are able to self-assemble through inclusion of a linker sequence to form a single chain

variable fragment (scFv). In a first generation CAR, the targeting moiety is coupled via a hinge and transmembrane domain to an intracellular T-
cell signalling domain, typically the CD3{ chain of the TCR complex. Second and third generation CARs contain an additional one or two
costimulatory endodomains, respectively. B) A representative dual-targeting CAR with two CARs expressed by the same T-cell, each targeting an

independent antigen. T-cell signalling domains are split between the two CARs to enable optimal T-cell activation only upon simultaneous
engagement with both antigens. C) A bispecific CAR where two scFvs are expressed from the same CAR in tandem. The CAR is able to bind
either antigen alone, or both antigens simultaneously. D) An inhibitory CAR that serves to attenuate positive signals delivered by activating CARs

may be co-expressed. By this means, T-cell activation is restricted to target cells that only express the ligand for the activating but not the

inhibitory CAR.

tumour activity in-vivo in pre-clinical models (Hudecek et al.,
2015; Jonnalagadda et al., 2015). Similarly, the trans-
membrane domain may also have a functional role since
this portion of CD3¢ is required for dimerization and associa-
tion with other elements that form the TCR/CD3 complex,
potentially refining the nature of the activation signal that is
delivered (Bridgeman et al., 2010). Other transmembrane do-
mains commonly used include those derived from T-cell mol-
ecules such as CD28 or CD8.

2.3.  The CAR signalling domain

The activating signal delivered by a CAR is largely dictated by
the signalling endodomain. The modular structure of the CAR
endodomain has been the subject of considerable iterative
modification, in an effort to improve function and therapeutic
efficacy. Nonetheless, a broad consensus on the optimal
configuration has not yet been reached.

First generation CAR T-cells contain a single T-cell acti-
vating domain, most commonly derived from the ¢ chain of

the TCR/CD3 complex. Evidence suggests that CD3¢ alone pro-
vides a sufficiently potent “signal 1” from its three immunor-
eceptor tyrosine-based activation motifs (ITAMs) to substitute
for the global signal provided by the entire CD3 complex
(Haynes et al., 2001; Irving and Weiss, 1991). It is well known
however that an additional co-stimulatory signal (“signal 2”)
is required to allow activated T-cells to undergo optimal pro-
liferation, accompanied by cytokine release. To provide this,
second and third generation CARs have been developed in
which one or two co-stimulatory domains, respectively, are
placed in series with CD3¢. Typically, CD28 is included as a
co-stimulatory domain as this provides an early second signal
and promotes high-level IL-2 secretion (Finney et al., 1998;
Maher et al., 2002). Multiple other second generation CAR T-
cells have been described, incorporating co-stimulatory ele-
ments as diverse as CD27 (Duong et al., 2013; Song et al.,
2012), OX40 (Brentjens et al., 2007; Finney et al., 2004), 4-1BB
(Brentjens et al., 2007; Finney et al., 2004; Imai et al., 2004;
Song et al., 2011), ICOS (Finney et al., 2004), DAP10 (Brentjens
et al., 2007; Duong et al., 2013) or 2B4(CD244) (Altvater et al.,
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2009). Second generation CAR T-cells are consistently more
active in pre-clinical models, compared to first generation
counterparts (Brentjens et al., 2007; Milone et al., 2009; Song
et al.,, 2012). Nonetheless, it is difficult to determine the most
suitable co-stimulatory molecule to use as head-to-head com-
parisons are not frequently performed, and evidence is some-
times conflicting in different model systems. Production of IL-
2 is potentiated most strongly by CD28 containing second gen-
eration CARs (Brentjens et al., 2007), although this may
achieve a double edged effect in some systems, owing to
enhanced intra-tumoural infiltration by regulatory T-cells
(Kofler et al., 2011). Co-stimulation by ICOS is distinguished
by its ability to potentiate cytotoxicity (Finney et al., 2004)
and Th17 differentiation (Guedan et al., 2012). Chimeric anti-
gen receptors containing 4-1BB may promote multi-
functionality of cytokine release (Carpenito et al., 2009) and
constitutive signalling leading to sustained T-cell survival
(Milone et al., 2009), although these findings have been less
apparent when evaluated using other CARs (Brentjens et al.,
2007).

Clinical evaluation of the optimum co-stimulatory module
has been very limited. When first and CD28-based second gen-
eration CAR T-cells were co-infused, the latter exhibited more
sustained persistence in patients (Savoldo et al., 2011). Second
generation CARs used in clinical trials most often incorporate
CD28 or 4-1BB signalling domains, both of which demonstrate
prolonged persistence when expressed in CD19-targeted CARs
(Brentjens et al., 2013; Porter et al., 2011). Emerging clinical
experience with these two second generation configurations
suggests that CD28-containing constructs undergo more rapid
in-vivo expansion and decline whereas 4-1BB-containing fu-
sions may persist for longer periods (van der Stegen et al.,
2015). Third generation CARs incorporate two co-stimulatory
modules placed in series within the CAR endodomain
(Geiger et al.,, 2001; Pule et al., 2005). Since CD28 and TNF re-
ceptor family members each initiate different signalling path-
ways (PI3K for CD28 compared to tumour necrosis family
receptor-associated factor (TRAF) adaptor proteins for 4-
1BB), this approach may enhance overall T-cell activity
(Tammana et al., 2010; Zhao et al., 2009). Third generation
CAR T-cells have recently commenced clinical evaluation
(Till et al., 2012), although it remains too soon to comment
as to whether these represent a significant advance over sec-
ond generation configurations. Another recent innovation
that warrants further investigation entails the co-expression
in T-cells of killer immunoglobulin-like receptor-based CARs
together with DAP-12 (Wang et al., 2015).

Provision of co-stimulatory signals to CAR T-cells may also
be provided in-trans. Proof of concept for the functional activ-
ity of co-stimulatory fusion receptors in human T-cells was
demonstrated several years ago (Krause et al., 1998). Building
on this, a number of groups have co-expressed a first genera-
tion CD3¢-based CAR with a co-stimulatory fusion receptor
that engages a second target molecule. This “dual targeting”
CAR approach has been used pre-clinically to target the
MUC-1 mucin and HER-2 (Wilkie et al., 2012), prostate-
specific membrane antigen (PSMA) and prostate stem cell an-
tigen (PSCA) (Kloss et al., 2013), and the combination of folate
receptor (FR)a and mesothelin (Lanitis et al., 2013). Separating
the co-stimulatory module from the CD3¢ endodomain in this

manner may enhance signalling efficiency, in addition to
providing a higher level of tumour specificity. Alternatively,
CD80 and CD137 ligand may be co-expressed within the
same T-cell as a first generation CAR to deliver a combination
of co-stimulation to the same (auto-costimulation) and neigh-
bouring T-cells (trans-costimulation). This approach has also
proven to be strongly efficacious in pre-clinical studies
(Stephan et al., 2007).

3. Target selection

T-cell receptors (TCRs) recognize antigens derived from all
cellular locations that have been processed to generate pep-
tide fragments, which are presented on the cell surface by
HLA antigens. By contrast, CARs can only engage native mol-
ecules that are expressed on the cell surface. While this limits
antigen repertoire that may be targeted, CARs have the ability
to bind not only proteins but also carbohydrates, gangliosides
and tumour-associated glycosylation variants (Pule et al.,
2008; Wilkie et al., 2008).

3.1.  Targets under study using CAR T-cell
immunotherapy

The ideal target for CAR T-cells is an antigen that is expressed
exclusively by tumour cells, thus eliminating risk of recogni-
tion and damage of healthy tissue. One such example is the
tumour-specific variant of the epidermal growth factor recep-
tor (EGFR), EGFRVIII, which arises as a result of mutation in
glioblastoma (Heimberger et al., 2005) and is absent in normal
tissue. EGFRVIII is the target of several CARs under develop-
ment (Johnson et al., 2015; Miao et al,, 2014; Morgan et al,,
2012; Sampson et al., 2014). However, there are very few true
tumour-specific antigens and the majority of targets are also
present at low levels in normal tissue, emphasizing the need
to balancing tumour targeting against the risk of unacceptable
toxicity. Consequently, the majority of candidate targets un-
der investigation for CAR T-cell immunotherapy of solid tu-
mours are over-expressed in tumours, but are present at
lower levels in healthy tissues. Examples include HER-2
(Ahmed et al., 2015, 2010; Rainusso et al., 2012) and other
ErbB family members (Davies et al., 2012; Papa et al., 2015;
Zhou et al., 2013), EphA-2 (Chow et al., 2013), PSMA (Gong
etal., 1999; Maher et al., 2002; Zhong et al., 2010), folate recep-
tor-a. (Kandalaft et al., 2012; Song et al., 2011), PSCA (Katari
et al.,, 2011; Morgenroth et al., 2007), the GD2 ganglioside
(Krause et al., 1998; Pule et al., 2008), TAG72 (Hombach et al,,
1997), carcinoembryonic antigen (Hombach et al., 1999;
Sheen et al., 2003), MUC-1 (Wilkie et al., 2008) and mesothelin
(Adusumilli et al., 2014; Beatty et al., 2014; Lanitis et al., 2012).

In the context of haematological malignancy, targets
include B-lineage-specific antigens such as CD19 (Brentjens
et al., 2003), CD20 (Till et al., 2008) and CD23 (Giordano
Attianese et al., 2011). Expression of CD19 is a particularly
attractive target for CAR T-cell immunotherapy since it is
found in all B-cell malignancies and at all stages of physiolog-
ical B-lineage differentiation but, crucially, is not found on
haematopoietic stem cells or other tissues. CD19 specific T-
cells represent the most advanced CAR T-cell therapy and
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clinical data arising from clinical trials will be discussed in
section 4. More recently, the receptor for thymic stromal lym-
phopoietin receptor has been advanced as a potential target
for some aggressive forms of B-cell acute lymphoblastic
leukaemia (ALL) (Davies and Maher, 2015; Qin et al., 2015). In
the context of myeloid malignancy, CD33 (Kenderian et al,,
2015; Pizzitola et al., 2014), Lewis Y antigen (Brenner, 2013;
Ritchie et al., 2013) and CD123 (Gill et al., 2014; Pizzitola
et al.,, 2014) have all attracted interest. Targets of interest for
treatment of Hodgkin’s lymphoma include CD30 (Di Stasi
et al., 2009) and the receptor for colony-stimulating factor-1
(Achkova et al., 2015).

3.2.  The problem of target loss/antigen escape

Targeting of a single antigen is associated with a risk of im-
mune escape due to emergence or outgrowth of antigen null
tumour cells. This phenomenon has been observed in pre-
clinical work (Anurathapan et al., 2014; Hegde et al., 2013)
and, more recently, in clinical studies involving the use of
CD19-targeted CAR T-cells (Grupp et al., 2013; Maude et al.,
2014b). In keeping with this, treatment with pooled CAR T-
cell targeting separate antigens such as HER2 and the IL13Ra
(Hegde et al., 2013) or MUC1 and PSCA (Anurathapan et al.,
2014) demonstrate enhanced activity in mouse models. Alter-
natively, it is possible to target two antigens with T-cells co-
expressing two separate CARs (Hegde et al., 2013) or by a single
CAR that has specificity for two antigens owing to expression
of two tandemly arranged scFvs coupled to the same signal-
ling endodomain (TanCAR) (Grada et al., 2013). Proof of
concept for the TanCAR approach was demonstrated in a
model system using a fusion with specificity for both CD19
and HER2. Whilst CAR T-cells were activated following
engagement with either antigen alone, anti-tumour activity
was greater when both targets were expressed (Grada et al.,
2013). Strategies such as this may provide a means to mini-
mize the risk of immune escape through antigen loss.

3.3. Universal targeting systems

Pre-clinical and clinical development of individual CAR T-cell
approaches is a time consuming and costly process. In each
case, there is a need to optimize the targeting system and
then generate clinical grade batches of gene transfer vector
and master cell banks as appropriate. Owing to this
complexity, there has been increasing interest in the develop-
ment of universal targeting CAR T-cell or natural killer (NK)
cell systems that may be combined with clinical available tar-
geting moieties such as monoclonal antibodies (e.g. cetuxi-
mab, trastuzumab or rituximab). Illustrating this concept,
CARs may be targeted against biotin (using avidin)
(Urbanska et al., 2012) or fluorescein (using an appropriate
scFv) (Tamada et al., 2012). This enables their use in conjunc-
tion with antibodies that, respectively, have been coupled to
biotin or fluorescein (used routinely in retinal angiography).
An alternative universal targeting approach exploits the natu-
ral ability of Fcy receptor III (CD16)-expressing cells such as NK
cells to mediate antibody-dependent cell mediated cytotox-
icity. Building on this principle, a high affinity CD16 variant
has been coupled in series to 4-1BB and CD3{ to create a

second generation CAR that may be used in combination
with a similar spectrum of monoclonal antibodies (Kudo
et al.,, 2014).

4. Clinical studies of CAR T-cell immunotherapy

Over 75 clinical trials investigating CAR T-cell therapies are
currently listed on clinicaltrials.gov.uk (search date 03/08/
15). The majority of studies involve the use of CD19-targeted
CARs targeted against B-cell malignancy, although several tri-
als involving solid tumours are also ongoing. Published data
from trials targeting both haematological and solid malig-
nancies will be discussed briefly in the following sections
and are summarized in Tables 1 and 2, respectively.

4.1. CAR T-cell immunotherapy of haematological
malignancy

Most published trials of CAR T-cell immunotherapy of haema-
tological malignancy involve CD19-targeted therapies. CD191is
a B-cell surface protein expressed throughout B-cell develop-
ment and is expressed on nearly all B-cell malignancies.
This ubiquitous expression, and the fact that B-cell aplasia
as a result of toxicity to healthy B-cells is both tolerable and
treatable makes CD19 an attractive target for immunotherapy.
Initial trials using CD19-directed CAR T-cells were conducted
on small numbers of patients but were noteworthy for striking
examples of complete remission (CR) induction in patients
with refractory chronic lymphocytic leukaemia (CLL) and
ALL (Brentjens et al., 2011; Grupp et al., 2013; Kalos et al,,
2011; Porter et al., 2011). These studies all involve the use of
second generation CAR constructs containing either CD28 or
4-1BB signalling endodomains, coupled in series to CD3¢.

4.1.1. CDI19-targeted CAR T-cells in ALL

Larger studies have been published by groups at Memorial
Sloan Kettering Cancer Center (MSKCC), University of Penn-
sylvania (UPenn) and the National Cancer Institute (NCI) and
all highlight the feasibility of attainment of striking CR rates
in patients with B-cell ALL (Davila et al.,, 2014; Lee et al.,
2015; Maude et al., 2014b).

The first report of a patient with ALL to be treated with
CD19 CAR T-cells was in 2011 (Brentjens et al., 2011). In 2013,
the same group at MSKCC published an update, which indi-
cated that 5 patients with ALL had achieved CR (Brentjens
et al., 2013). One patient subsequently relapsed, an event
that may have been linked to the use of high dose steroids
to treat cytokine release syndrome (Brentjens et al., 2013).
These patients are included in a recent update, indicating an
88% CR rate in a series of 16 ALL patients. To consolidate
this remission, most of the patients went on to receive an allo-
geneic haematopoietic stem cell transplant (HSCT) (Davila
et al., 2014). More recent data presented at the 2015 annual
conference of the American Society of Clinical Oncology
(ASCO) reports that 33 patients have been treated to date at
MSKCC in a Phase I trial with 29/32 patients evaluable for
response achieving complete remission, a CR rate of 91%
(Park et al., 2015). CR rates appear to be associated with dis-
ease burden at the time of treatment, as 100% patients with
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Table 1 — Published clinical experience of CAR-based cancer immunotherapy of haematologic malignancies.

Institution Identifier Disease Target CAR Number Cond. Dose Response CRS Ref.
signalling patients
NIH NCT01593696 ALL or B-NHL CD19 CD28-CD3¢ 20 ALL CF 1-3 x 106/kg CR 14 Yes Lee et al. (2015)
1 B-NHL SD 3
PD 4
UPenn NCT01626495 ALL CD19 41BB-CD3¢ 30 None or PC  0.76—20.6 x 10%kg CR 27 Yes Maude et al. (2014b)
NCT01029366 split over 1-3 days PD 3
UPenn NCT01626495 ALL CD19  41BB-CD3{ 2 CEMm=1)  1.4-12 x 10%kg CR 2 Yes  Grupp et al. (2013)
MSKCC NCT01044069 ALL CD19 CD28-CD3¢ 16 C 1.5-3 x 106/kg CR 14 Yes Davila et al. (2014)
split over 2 days PD 2
MSKCC NCT01044069 ALL CD19 CD28-CD3¢ 5 C 1.5-3 x 106/kg CR5 Yes Brentjens et al. (2013)
split over 2 days
MSKCC NCT00466531 (CLL) ~ ALL and CLL CD19  CD28-CD3¢ 8 CLL C 0.4-3 x 107/kg CR1 Yes  Brentjens etal. (2011)
NCT01044069 (ALL) 2 ALL PR1
SD2
PD 4
NE 2
UPenn NCT01029366 CLL CD19 41BB-CD3¢ 3 BR or CP 0.146—16 x 10%/kg CR2 Yes Porter et al. (2011)
split over 3 days PR 1 Kalos et al. (2011)
NIH NCT00924326 CLL, F-NHL and CD19 CD28-CD3¢ 4 CLL CF 0.5-5.5 x 107/kg CR1 Yes Kochenderfer et al.
SMZL 4 F-NHL PR 6 (2012)
1 SMZL SD1
NE 1
NIH NCT00924326 CLL, DLBCL and CD19 CD28-CD3¢ 4 CLL CF 1 x 105kg CR8 Yes Kochenderfer et al.
indolent cell 9 DLBCL PR 4 (2015)
lymphoma 2 indolent SD 1
lymphoma NE 2
NIH NCT01087294 CLL, DLBCL and MCL CD19 CD28-CD3¢ 4 CLL None, allo 1-10 x 106/kg CR1 Yes Kochenderfer et al.
DLBCL 2 HSCT PR1 (2013)
MCL 4 SD6
PD2
NIH NCT00840853 ALL and CLL CD19 CD28-CD3¢ 4 ALL None, allo Dose escalation from CR3 Yes  Cruz et al. (2013)
4 CLL HSCT 1.5 x 107/m?, PR 1
4.5 x 10’/m” and SD 1
1.2 x 108/m? PD 3
NIH SLL and DLBCL CD19 CD28-CD3¢ 1SLL None 0.2—2 x 108/m? per SD2 No Savoldo et al. (2011)
and CD3¢ 5 DLBCL dose (1-2 doses) PD 4
Peter MacCallum CTX 08-0002 AML LeY CD28-CD3¢ 4 F Up to 1.3 x 10° total 2PR Yes Ritchie et al. (2013)
Cancer Centre 2SD
1NE

(continued on next page)
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Ref.

CRS

Dose Response

CAR Number Cond.
signalling

Target

Disease

Identifier

Institution

patients

Till et al. (2012)

Yes

1PR
3 NE

Dose escalation of 3
infusions108, 109,

3 MCL

CD28-41BB-CD3¢

CD20

NCT00621452 F-NHL and MCL

NIH

1 NHL

and 3.3 x 109 cells/

2

m

Wang et al. (2014b)

Yes

1CR
4

1855 x 108 cells
total, split over 5

days

CD20 41BB-CD3¢ Various

DLBCL

NCT01735604

Chinese PLA

PR

General Hospital

1PD
1NE

Abbreviations: ALL — acute lymphoblastic leukaemia; allo HSCT — allogeneic haematopoietic stem cell transplant; AML — acute myeloid leukaemia; B — bendamustine; B-NHL — B-cell non-Hodgkin’s

lymphoma; BR — bendamustine + rituximab; C — cyclophosphamide; CAIX — carbonic anhydrase IX; CE — cyclophosphamide and etoposide; CEA — carcinoembryonic antigen; CF — cyclophosphamide

and fludarabine-based lymphodepletion; CLL — chronic lymphocytic leukaemia; Cond. — conditioning therapy; CP — cyclophosphamide and pentostatin; CR — complete remission; CRS — cytokine

release syndrome; DLBCL — diffuse large B-cell lymphoma; F — fludarabine; F-NHL — follicular NHL; LeY — Lewis Y antigen; MCL — mantle cell lymphoma; MSKCC — Memorial Sloan-Kettering Cancer

Center; MPM — malignant pleural mesothelioma; NE — non evaluable; Nec. — necrosis; NIH — National Institutes of Health; PC — Physician’s choice; PD — progressive disease; PDAC — pancreatic adeno-

carcinoma; PR — partial remission; SD — stable disease; SLL — small lymphocytic lymphoma; SMZL — splenic marginal zone lymphoma; UPenn — University of Pennsylvania.

minimal residual disease (MRD) achieved CR compared to 81%
of those with >5% blasts at the time of CAR T-cell infusion.
However, such clinical success in refractory disease where a
large percentage of patients had undergone >3 prior lines of
therapy is remarkable.

In parallel, similar success in the clinic has been seen at
UPenn. An early report demonstrated attainment of CR in
two children with relapsed and highly refractory ALL
following treatment with CD19-CAR T-cells. One of these pa-
tients had ongoing remission although the other patient
relapsed after two months, with blast cells that no longer
expressed CD19 (Grupp et al., 2013). A more comprehensive
report followed, indicating the achievement of a 90% CR rate
(27/30) in a patient population, some of whom had failed prior
previous HSCT (Maude et al., 2014b). Nineteen of these pa-
tients remained in CR (durable to 24 months) and seven pa-
tients subsequently relapsed. Notably, three of the relapses
were characterized by the emergence of CD19 null disease,
demonstrating the intense selective pressure applied by the
CAR T-cells in-vivo (Maude et al., 2014b). A further update at
the 2014 annual meeting of the American Society of Hematol-
ogy showed a 92% CR rate attained in 39 paediatric patients
with ALL (Maude et al., 2015). In further support of these find-
ings, Lee et al. at the NCI recently reported that their CD19 CAR
T-cell approach had achieved CR in 14/20 children and young
adults with ALL (Lee et al., 2015). Such high response rates are
unprecedented for a novel agent in first-in-human clinical tri-
als of otherwise untreatable malignancy. These findings are
all the more remarkable considering the differences in CAR
targeting moiety, hinge/spacer/transmembrane domain and
co-stimulatory module used by the three groups (CD28 at
MSKCC and NCI; 4-1BB at UPenn; described further in Maher,
2014). Although differences in disease burden, prior treatment
history and conditioning regimen make comparison of data
between different centres challenging, there is an indication
that CD19 CAR T-cells containing the 41BB costimulatory
domain persist longer than their CD28 counterparts. CD19-
28z CAR T-cells typically persist for 1—3months post-
infusion whereas there are reports of CD19-41BBz CAR T-cells
persisting for up to 2 years Whether these differences truly
reflect differences in CAR design or are due to other reasons
(more paediatric patients were treated using the 41BB CAR
for instance) (Maude et al., 2015) remains to be seen. Nonethe-
less, durable responses have been observed using both CARs
and induction of a CR even in the absence of sustained T-
cell survival provides a bridge to allogeneic stem cell
transplantation.

4.1.2. CD19-targeted CAR T-cells in CLL

Initial clinical experience targeting CLL with CD19-targeted
CAR T-cells was reported in 2011 in a pilot study involving 3
patients (Kalos et al., 2011), one of whom was described in
detail in another report (Porter et al., 2011). Long-term persis-
tence of CAR T-cells was observed in the absence of IL-2 cyto-
kine support and impressive anti-tumour activity was
observed, even at a low T-cell dose (Porter et al., 2011). Patients
had received conditioning therapy using lymphodepleting
agents (cyclophosphamide and pentostatin, bendamustine
alone, or in combination with rituximab). In the same year,
Brentjens et al. reported results involving 8 patients with
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Table 2 — Published clinical experience of CAR-based cancer immunotherapy of solid tumours.

Institution Identifier Disease Target CAR Number Cond. Dose Response CRS Ref.
signalling patients
NIH Ovarian cancer FRa FcRy 14 None  3-169 x 10°in 1-3 None Yes Kershaw et al. (2006)
doses
NIH BB-IND 9149 (FDA) and Neuroblastoma CD171 CD3¢ 6 None 0.1-11 x 10%/m?in PR 1 No Park et al. (2007)
0006-402 (NTH) 1-3 doses
NIH NCT00085930 Neuroblastoma GD2 CD3¢ 19 None  2-20 x 107/m? CR3 No Louis et al. (2011) and
PR 1 Pule et al. (2008)
SD 1
NE 8
PD 6
Erasmus University = DDHK97-29/P00.0040C  Renal cell CAIX FcRy 12 None 0.2-2.1 x 10° cellsin  None Yes Lamers et al. (2013),
Medical Center — carcinoma up to 10 infusions Lamers et al. (2006)
Daniel den Hoed and Lamers et al.
Cancer Center (2011)
NIH NCI-09-C-0041 Colon carcinoma  HER2 CD28-41BB-CD3¢ 1 CF 7.9 x 10° (one dose) None Yes, fatal. Morgan et al. (2010)
UPenn NCT01355965 MPM and PDAC Mesothelin  41BB-CD3¢ 2 None 1x10%to1x 10°P*" PR1 Yes Beatty et al. (2014)
dose
NIH NCT00902044 Sarcoma HER CD28-CD3¢ 19 None 1x10*to1x 10%m? SD4 No Ahmed et al. (2015)
NIH NCTO01373047 Liver metastases CEA CD28-CD3¢ 6 None Upto3x10®over3 SD1 No Katz et al. (2015) and
doses Saied et al. (2014)
NIH NCT02208362 Glioblastoma IL13Ra2 41BB-CD3¢ 3 None Up to 12 infusions of Transient No Brown et al. (2015)
108 T-cells response in
2 patients

Abbreviations: ALL — acute lymphoblastic leukaemia; allo HSCT — allogeneic haematopoietic stem cell transplant; AML — acute myeloid leukaemia; B — bendamustine; B-NHL — B-cell non-Hodgkin’s
lymphoma; BR — bendamustine + rituximab; C — cyclophosphamide; CAIX — carbonic anhydrase IX; CE — cyclophosphamide and etoposide; CEA — carcinoembryonic antigen; CF — cyclophosphamide
and fludarabine-based lymphodepletion; CLL — chronic lymphocytic leukaemia; Cond. — conditioning therapy; CP — cyclophosphamide and pentostatin; CR — complete remission; CRS — cytokine
release syndrome; DLBCL — diffuse large B-cell lymphoma; F — fludarabine; F-NHL — follicular NHL; LeY — Lewis Y antigen; MCL — mantle cell lymphoma; MSKCC — Memorial Sloan-Kettering Cancer
Center; MPM — malignant pleural mesothelioma; NE — non evaluable; Nec. — necrosis; NIH — National Institutes of Health; PC — Physician’s choice; PD — progressive disease; PDAC — pancreatic adeno-

carcinoma; PR — partial remission; SD — stable disease; SLL — small lymphocytic lymphoma; SMZL — splenic marginal zone lymphoma; UPenn — University of Pennsylvania.
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CLL and demonstrated the importance of conditioning ther-
apy. Patients treated with CAR T-cells without prior cyclo-
phosphamide all had progressive disease, with limited
evidence of T-cell persistence in-vivo. By contrast, enhanced
persistence and efficacy of CD19 CAR T-cells was observed
in patients pre-treated with cyclophosphamide, correspond-
ing to stable disease (SD) in 2 patients and 1 partial remission
(PR) seen in 4 patients treated (Brentjens et al., 2011). Other tri-
als have also reported efficacy of CD19-targeted CAR T-cells in
CLL patients (Kochenderfer et al., 2012, 2015). Response rates
are generally lower in CLL compared to ALL but The UPenn
group has nonetheless reported CR rates of 45% from over 45
patients treated, with some remissions extending beyond 4
years (Maude et al., 2015). In addition, two trials have investi-
gated the use of allogeneic donor-derived CAR T-cells to treat
patients with CLL (Cruz et al., 2013; Kochenderfer et al., 2013).
These demonstrated that CAR T-cells could be administered
following allogeneic HSCT, demonstrating efficacy without
exacerbation of graft versus host disease (GvHD).

4.1.3. CD19-targeted CAR T-cells in B-cell non-Hodgkin’s
lymphomas (NHL)

Kochenderfer et al. reported efficacy in 6/8 patients with B-cell
malignancy of whom 4 had B-cell NHL (follicular NHL, n = 3;
splenic marginal zone lymphoma (SMZL), n = 1). However, sig-
nificant toxicity was also observed, accompanied by cytokine
release (Kochenderfer et al., 2012). A subsequent trial used
an amended protocol, including a lower dose of CAR T-cells
given without IL-2 cytokine support, and was the first to
demonstrate efficacy of CD19-specific CAR T-cells against
diffuse large B-cell lymphomas (n = 5), in addition to primary
mediastinal B-cell lymphoma (n = 4), CLL (n = 4), SMZL (n = 1)
and one other low-grade NHL. Overall, 12/13 evaluable pa-
tients showed a partial or complete response to therapy in
this study (Kochenderfer et al., 2015). Recent data from
ASCO 2015 highlights a 67% overall response rate in a Phase
Ila trial against non-Hodgkins lymphoma, with a 100%
response rate in 6 patients with follicular lymphoma (FL)
(Schuster et al., 2015).

4.1.4. Additional clinical studies of CAR T-cells in
haematological malignancy

Four patients with relapsed indolent B-cell and mantle cell
lymphomas were treated with third generation CD20-specific
CAR T-cells containing a CD28/4-1BB/CD3¢ endodomain. The
target cell dose was met for 3 patients who received 3 doses
of CAR T-cells in a dose escalation manner following lympho-
depletion (Till et al., 2012). Of these, one patient had a PR and
two patients without evaluable disease remained disease free
for 12 and 24 months (Till et al., 2012). Wang et al. also treated
patients with diffuse large B-cell lymphoma with second-
generation anti-CD20 CAR T-cells containing a 4-1BB co-
stimulatory endodomain and achieved 1 CR and several PR
(Wang et al., 2014b). A further study showed some partial re-
sponses against AML targeting the LeY antigen (Ritchie et al.,
2013). In addition, several currently active trials of CAR T-cell
immunotherapy are targeted again22 and CD30 in lymphoma.
Recently positive Phase 1 data as been reported by Cellular
Biomedicine Group Incorporatest CDd (Shanghai, China) with
PR in 2 and SD observed in 3 of a total of 7 patients with

refractory Hodgkin's disease who were treated (NCT02259556;
Clinicaltrials.gov;  http://globenewswire.com/news-release/
2015/05/22/738528/10135712/en/Cellular-Biomedicine-Group-
Announces-Positive-Phase-I-Results-From-CAR-T-CD30-Imm-
uno-Oncology-Clinical-Development-Program.html, accessed
8/8/2015).

4.2. CAR T-cell immunotherapy of solid tumours

Solid tumours were the first to be treated with CAR T-cells.
However, clinical trials using CAR T-cell therapy against solid
tumours have not achieved the same success seen in haema-
tological cancers. Initial clinical studies used first generation
CAR T-cells targeted to folate receptor-oa in ovarian cancer
(Kershaw et al.,, 2006) and the Ll-cell adhesion molecule
CD171 in neuroblastoma (Park et al., 2007). No clinical efficacy
was observed besides one PR in a patient with neuroblastoma,
in whom chemotherapy was also given after adoptive transfer
of T-cells (Park et al., 2007). Furthermore, T-cells demon-
strated limited persistence in-vivo and dropped to low or un-
detectable levels within days to weeks after infusion (Kershaw
et al., 2006; Park et al., 2007). In order to overcome this, Eps-
tein—Barr virus (EBV) specific cytotoxic T-cells were trans-
duced with a CAR specific for the ganglioside GD2 that is
over-expressed in neuroblastoma. The rationale was that
engagement of native T-cell receptor within CAR T-cells by
EBV infected B-cells would provide co-stimulation in-vivo. Pa-
tients were treated with both autologous CAR T-cells and EBV-
CAR T-cells to directly compare their persistence after infu-
sion. A first report of 11 patients indicated an initial survival
advantage of EBV CAR T-cells but by 6 weeks, levels of both
were low or undetectable (Pule et al., 2008). Follow-up of a
larger cohort indicated long-term persistence (up to 192
weeks), which was associated with clinical benefit including
3 complete remissions in patients with active disease at the
time of treatment (Louis et al., 2011). Intriguingly, T-cell
persistence correlated with the presence of both CD4+ and
memory T-cells in the cell product. In keeping with this, there
has been considerable recent interest in the expression of
CARs in defined combinations of T-cell subsets (Riddell
et al,, 2014), or in potentially long-lived populations such as
memory stem cells (TSCM) (Cieri et al., 2013; Gattinoni and
Restifo, 2013).

Safety concerns were also raised in initial trials against tar-
geting CAR T-cells to antigens that are overexpressed in tu-
mours yet also present in normal tissue at low levels.
Carbonic anhydrase-IV is frequently overexpressed in renal
carcinomas of the clear cell subtype and was targeted in a trial
using first generation CAR T-cells (Lamers et al., 2013, 2006,
2011). However, significant hepatotoxicity was observed in
initially treated patients, requiring discontinuation of therapy
and/or corticosteroid treatment. A liver biopsy revealed CAIX
expression in bile duct epithelial cells and, in an attempt to
circumvent on-target liver toxicity, the protocol was amended
to include pre-treatment with a low dose of CAIX blocking
antibody in future cohorts. This abrogated liver toxicity
although no clinical anti-tumour activity has been observed
in any patients (Lamers et al., 2013).

Fatal on-target off-tumour toxicity was observed in a pa-
tient treated with third generation HER-2 CAR T-cells, where
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recognition of low levels of HER-2 in lung endothelium
(Heslop, 2010) and/or epithelial cells by CAR T-cells led to res-
piratory and multi-organ failure, cytokine release syndrome
and death (Morgan et al., 2010). This event occurred rapidly
following a single high dose (7.9 x 109) of CAR T-cells
comprising an scFv derived from trastuzumab, coupled to a
fused CD28/4-1BB/CD3¢{ endodomain. However, HER-2 has
been targeted safely in a subsequent trial involving patients
with sarcomas that express this target. A cautious dose esca-
lation protocol was followed, starting at a dose of 1 x 104 CAR
T-cells/m?, rising to 1 x 108/m?. Patients did not receive prior
lymphodepletion or IL-2 therapy. The CAR was distinct in that
it contained scFv derived from the FRP5 antibody (binds a
distinct epitope to trastuzumab), coupled to a second genera-
tion CD28/CD3¢ endodomain (Ahmed et al., 2015). In this trial,
19 patients were treated with no adverse effects other than a
single febrile episode in the highest dose-level cohort, which
responded to ibuprofen. There was no evidence of expansion
of CAR T-cells following infusion. Instead CAR T-cells declined
in peripheral blood after just 3 h. Nonetheless, long-term
persistence of these cells could be demonstrated for up to
18 months at doses higher than 1 x 106 CAR T-cells/m.
Furthermore, CAR T-cells were identified in resected tumours
from two patients despite their absence in peripheral blood at
that time, suggesting homing to and/or expansion within
tumour sites. Although stable disease was reported in 4 pa-
tients, no other clinical responses were seen (Ahmed et al,,
2015). However, this trial was important in demonstrating
safe systemic delivery of HER2-specific CAR T-cells, especially
given the previous fatality.

In an attempt to mitigate on-target off-tumour toxicity,
Beatty et al. recently described the use of mRNA electropo-
rated CAR T-cells in a pilot study of two patients with malig-
nant pleural mesothelioma (MPM) and pancreatic ductal
adenocarcinoma (PDAC) (Beatty et al., 2014). By this means,
T-cells were engineered to achieve transient expression of a
mesothelin-specific second-generation CAR containing a 4-
1BB/CD3¢ endodomain. Patients were treated with differing
dosing regimens ranging from a total of three intravenous in-
jections over 5 weeks (MPM) to three intravenous doses per
week for 3 weeks, followed by 2 intra-tumoural injections
(PDAC). A partial response was observed in the patient with
mesothelioma following the third infusion before disease sub-
sequently progressed, whereas stable disease after 3 weeks of
treatment was not sustained and disease progressed in the
patient with PDAC. Safety was deemed acceptable with tran-
sient cytokine release syndrome after the third T-cell infusion
in the patient with MDM (Beatty et al., 2014). However,
anaphylactic shock and cardiac arrest developed in the pa-
tient with MPM upon reinitiating treatment after a 4-week
treatment break (Beatty et al., 2014; Maus et al., 2013). This
was due to induction of an IgE isotype anti-murine antibody
response to the CAR. Based on this, the protocols of ongoing
clinical trials have been modified to prohibit infusion breaks
of more than 10 days in an attempt to bias against IgE class
switching. More recently, stable expression of the same CAR
has been achieved in lentivirus-transduced T-cells, which
have been infused safely in patients with PDAC (n = 6), MPM
(n = 2) and epithelial ovarian cancer (n = 2). Patients did not
receive lymphodepletion. An efficacy signal is suggested by

SD in limited numbers of patients (Tanyi et al., 2015; G.B
et al,, 2015).

Results from two further clinical trials were published in
2015. Katz et al. treated 6 patients with liver metastases by
intrahepatic delivery of CEA-targeted CAR T-cells through
percutaneous hepatic artery infusions (Katz et al., 2015;
Saied et al., 2014). Liver biopsies revealed necrosis or fibrosis
in 4 of 6 patients and one patient had SD for 23 months. Local
delivery was also used in the treatment of three patients with
glioblastoma with anti-IL-13Ra2 CAR T-cells. Patients received
up to 12 local infusions with a transient response observed in
2 patients. Treatment was also well tolerated with only tem-
porary and manageable CNS inflammation (Brown et al,
2015).

Whilst solid tumours have largely proven refractory to CAR
T-cell therapy to date, there is encouraging data to support
further clinical development. Evidence of T-cell persistence,
localization within tumours, and some evidence of anti-
tumour activity have all been observed, with mostly accept-
able safety profiles. Nonetheless, it is clear that there are still
challenges in treating solid malignancies. These include
refining systems to encourage trafficking to tumour deposits,
enhanced persistence, intra-tumoural penetration and
improved effector function. These particular challenges will
be discussed in section 6.

5. Toxicity induced by CAR T-cell immunotherapy

Immunotherapy using CAR T-cells has significant toxic poten-
tial, which broadly may be considered in four major cate-
gories, namely tumour lysis syndrome, cytokine release
syndrome, neurotoxicity and on-target off tumour toxicity.
Tumour lysis syndrome comprises a combination of meta-
bolic disturbances, including elevated serum levels of uric
acid, potassium and phosphate, accompanied by hypocalcae-
mia and sometimes progressing to renal failure. It may occur
following the rapid elimination of large numbers of tumour
cells, most notably in the context of haematological malig-
nancy and can present surprisingly late in some patients
following delivery of CAR T-cells (Kochenderfer et al., 2013;
Porter et al.,, 2011), presumably as CAR T-cells expand in-
vivo and cause tumour destruction. The latter three categories
are each considered in turn, together with strategies that may
be used to mitigate such toxicity.

5.1. Cytokine release syndrome

Cytokine release syndrome (CRS) is the most frequent life-
threatening event induced by CAR T-cell immunotherapy
(Maude et al., 2014a). This term refers to the release of a
cascade of cytokines from several leukocyte populations,
most notably T-cells and cells of the mononuclear phagocyte
lineage. High circulating levels of many pro-inflammatory cy-
tokines may be detected, including tumour necrosis factor-o
(TNF-a), interferon-y and IL-6 (Grupp et al., 2013). In some
cases, macrophage activation syndrome accompanies CRS.
This is noteworthy since pre-clinical models of CAR T-cell
induced CRS implicate macrophage activation as a key
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component of disease pathogenesis (van der Stegen et al,
2013).

Emerging evidence suggests that severity of CRS depends
upon disease burden (Brentjens et al., 2013; Maude et al.,
2014b). Since CRS can progress rapidly, close monitoring of pa-
tients is required. This is particularly the case in the
24—48 h period after the infusion of cells. However, delayed
occurrence of CRS may also be seen, particularly when cells
undergo substantial expansion in-vivo from small starting
numbers. Management of CRS poses a challenging dilemma
since some degree of cytokine release accompanies T-cell
activation and effector activity, while therapeutic blockade
of this process may entail the use of one or more immunosup-
pressive agents. On the other hand, severe CRS can be rapidly
lethal, as has occurred in one patient treated with HER2 re-
targeted CAR T-cells (see section 4.2) (Morgan et al., 2010).
Recently, both diagnostic and grading systems have been pro-
posed, in addition to treatment algorithms for this syndrome
(Davila et al.,, 2014; Lee et al., 2014). Serum C-reactive protein
(CRP) has been identified a potential biomarker for CRS, sup-
plementing clinical parameters to facilitate the stratification
of patients that are likely to need more intensive treatment.
Depending upon severity, management can involve symp-
tomatic treatment, fluid replacement, oxygen and vaso-
pressor support, and immunosuppression with agents such
as the IL-6 receptor a-blocking antibody, tocilizumab and/or
corticosteroids.

5.2. Neurotoxicity

Neurotoxicity is another serious potential toxicity arising
from CAR T-cell therapy and has been observed in several pa-
tients treated with CD19-targeted CAR T-cells (Davila et al.,
2014; Lee et al,, 2015; Maude et al., 2014b) and in a patient
with glioblastoma treated locally with IL13Ra2-targeted CAR
T-cells (Brown et al., 2015). Symptoms of neurotoxicity include
visual hallucination, delirium, dysphasia and epilepsy or sei-
zures and the cause of this toxicity is not yet known. Although
CD19 CAR T-cells have been found in the cerebral spinal fluid
(CSF) of most patients treated with CD19 CAR T-cells in one
trial at UPenn (regardless of encephalopathy), all 6/21 patients
who had neurotoxicity had higher concentrations of CSF CAR
T-cells (Lee et al., 2015). This was irrespective of whether there
CNS leukaemic blasts were present. In contrast, not all pa-
tients demonstrating neurotoxicity had evidence of CAR T-
cells in the CSF in another trial (Davila et al., 2014), despite
clinically evident delirium at the time of CSF collection. As
neurotoxicity is also observed in patients treated with blinatu-
momab, a T-cell activating bispecific antibody that engages
both CD3 on T-cells and CD19 on tumour cells (Topp et al,,
2014), it is speculated that toxicity arises from generalized T-
cell mediated inflammation rather than targeted CAR T-cell
attack of CNS tissue. Whilst neurotoxicity has been fully
reversible and self-limiting in two large trials to date (Davila
et al., 2014; Lee et al., 2015) it is a clear concern for CAR T-
cell therapy, particularly as it does not correlate with the
severity of CRS and so is harder to predict. Understanding
the mechanisms behind neurological toxicities will be critical
for the development of safer CAR T-cell therapy and for more
effective management of these adverse effects.

5.3. On-target off-tumour toxicity

On-target toxicity is best illustrated by the propensity of CD19-
targeted CAR T-cells to cause B-cell aplasia, with resultant
hypogammaglobulinaemia. In the context of otherwise
untreatable B-cell malignancy, such toxicity is deemed
acceptable since it can be mitigated by implementation of
intravenous or subcutaneous immunoglobulin replacement
therapy (Maher, 2012). Another example is the hepatotoxicity
induced by carbonic anhydrase IX re-targeted CAR T-cells
(Lamers et al., 2006), which is discussed more fully in section
4.2 above. On-target off-tumour toxicity is a particular
concern with CAR T-cell immunotherapy since most targets
are self-antigens that are expressed to some degree in normal
tissues. Furthermore, CAR T-cells are activated by a far lower
level of antigen than is required for such a response to a
monoclonal antibody-based therapy (Ahmed et al., 2009;
Watanabe et al., 2015).

5.4.  The use of suicide genes in CAR T-cell
immunotherapy

In light of the significant risk of toxicity associated with CAR-
based immunotherapy, it is logical to consider the co-
expression of a suicide gene in such engineered T-cells.
Most clinical experience has been obtained with the herpes
simplex virus thymidine kinase gene, which renders target
cells susceptible to ganciclovir-mediated elimination. Howev-
er, this approach is limited by the immunogenicity of this
enzyme (Traversari et al., 2007). More recently cell depletion
systems include truncated EGFR (Wang et al.,, 2011), CD20
(Philip et al., 2014) or a CD34/CD20 epitope tag (RQR8) (Philip
et al., 2014), proteins that render CAR T-cells susceptible to
elimination by cetuximab or rituximab, respectively.

Perhaps the most elegant and effective solution is the
inducible caspase 9 (iCasp9) system, comprising a fusion of
human caspase 9 to a 12kD human FK506 binding protein moi-
ety (Straathof et al., 2005). This fusion protein is activated by
the small molecule dimerizer AP1903, leading to rapid
apoptosis and clearance of T-cells (Di Stasi et al.,, 2011). Effi-
cacy and safety of iCasp9 has been demonstrated in patients
who received donor-derived T-cells to promote immune
reconstitution following haploidentical HSCT. In the event
that GvHD occurred, AP1903 administration resulted in elimi-
nation of iCasp9-expressing T-cells within 30 min (Di Stasi
et al., 2011; Zhou et al., 2014, 2015), accompanied by decline
in cytokinaemia. This response has been replicated in pre-
clinical models using CAR T-cells (Budde et al., 2013).

6. Particular challenges hindering CAR T-cell

immunotherapy of solid tumours

Much of the excitement surrounding CAR T-cell immuno-
therapy stems from its profound therapeutic efficacy in B-
cell malignancy, notably ALL. By contrast, solid tumours
have proved much more challenging to treat. The paucity of
tumour-specific targets represents a fundamental hurdle in
this regard, meaning that there is a significant risk of on-
target toxicity accompanying tumour regression. Moreover,
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tumours create a hostile microenvironment characterized by
abnormal vasculature, areas of hypoxia and dysregulated
metabolism that can hinder T-cell migration, survival and
effector function. The desmoplastic stromal reaction induced
by many cancers imposes an additional barrier to T-cell infil-
tration and can actively inhibit the anti-tumour immune
response (Watt and Kocher, 2013). These issues, coupled
with the panoply of immunosuppressive factors within the
tumour microenvironment (Wu et al., 2015) can render T-cells
unresponsive. A number of these challenges are discussed
further below.

6.1. Improving the precision of tumour targeting using
CAR T-cells

Very few targets found in solid tumours are only expressed
by transformed or dispensable cell types. Consequently,
target selection is a key challenge to safe targeting. Dual tar-
geting of two or more tumour-associated targets represents
one approach that may be used to enhance discrimination
by CAR T-cells between abnormal and healthy tissue. One
alternative approach that may assist with this entails the
co-expression of inhibitory CARs (iCARs) together with their
activating counterparts. Inhibitory CARs may be directed
against molecules that are found in healthy organs but
which are down-regulated or lost in tumours. Inhibitory sig-
nalling may be provided by naturally occurring checkpoint
molecule, such as CTLA-4, PD-1 (Fedorov et al., 2013),
BTLA-4 or LAG-3 (Chicaybam and Bonamino, 2015) or a vari-
ety of phosphatases that naturally regulate T-cell signalling.
There is considerable interest in the development of sys-
tems to balance activating and inhibitory signalling so that

T-cells are not activated outside of the tumour
microenvironment.
6.2. The need to increase tumour-specific T-cell homing

A second major limitation to the effectiveness of adoptive T-
cell immunotherapy is poor trafficking of CAR T-cells to
tumour deposits. In some malignancies however, loco-
regional disease is the primary cause of disease-related
morbidity and mortality, providing a strong rationale for
regional T-cell delivery. An example of this principle is squa-
mous cell carcinoma of head and neck. Intra-tumoural delivery
of ErbB re-targeted CAR T-cells is currently under Phase 1 eval-
uation in this tumour type (clinicaltrials.gov; NCT01818323)
(van Schalkwyk et al., 2013). In a similar vein, epithelial ovarian
cancer (EOC) and malignant pleural mesothelioma (MPM) may
both be amenable to regional delivery of CAR T-cells, owing to
their propensity for localized dissemination within the perito-
neal and pleural cavities, respectively (Adusumilli et al., 2014;
Parente-Pereira et al., 2013). A Phase I trial evaluating intra-
pleural delivery (Adusumilli et al., 2014) is currently ongoing
at MSKCC (clinicaltrials.gov; NCT02414269) while Phase II
studies using intra-peritoneal/intra-pleural delivery of CAR T-
cells are planned for MPM and EOC/MPM, respectively (Papa
et al,, 2015). Recently, three patients with recurrent glioblas-
toma were locally treated with IL13Ra2 targeted CAR T-cells
(Brown et al., 2015). Intracranial delivery was well tolerated
over a maximum of 12 infusions, with evidence of a transient

anti-tumour response, as determined by a reduction in
IL13Ra2 positive tumour cells following T-cell delivery and an
increase in necrotic tumour volume by MRI.

In general however, metastatic disease is the main cause of
morbidity and death from solid tumours, mandating the sys-
temic (intravenous) delivery of T-cells. When administered
in this manner, T-cells become physically stuck in the lungs
for several hours, after which they re-distribute mainly to
the liver and spleen (Kershaw et al., 2006; Parente-Pereira
et al.,, 2011). Whilst some migration of CAR T-cells to tumour
sites has been observed in both haematological (Brentjens
etal., 2011; Kalos et al.,, 2011; Savoldo et al., 2011) and solid tu-
mours (e.g. ovarian, pancreatic and mesothelioma) (Ahmed
etal., 2015; Tanyi et al., 2015), there is a clear need to improve
the efficiency of T-cell trafficking to tumour deposits.

Several experimental strategies are under investigation to
address this need. Many rely on the fact that chemokine
over-production is prevalent in many solid tumours. To
exploit, this, CAR T-cells may be engineered to express a che-
mokine receptor tailor designed to match the chemokine
expression profile of a specific cancer type. lllustrating this,
many malignant melanomas secrete CXCL1 and CXCL8. Both
of these chemokines bind to the CXCR2 receptor, primarily
found on neutrophils and monocytes and which mediates
migration to sites of inflammation. While CXCR?2 is not widely
expressed by T-cells, transgenic pmel-1 T-cells (specific for
the gp100 antigen) have been engineered to express this re-
ceptor and consequently achieve enhanced localization
within melanoma tumours (Peng et al., 2010). Similarly,
over-expression of the chemokine (C—C motif) receptor 2
(CCR2) confers responsiveness of CAR T-cells to CCL2, a che-
mokine that is over-produced in several tumours including
neuroblastoma, lung cancer and mesothelioma (Asai et al,,
2013; Craddock et al., 2010; Moon et al., 2011). To achieve
improved intra-tumoural trafficking, it is also possible to
take advantage of endogenously expressed chemokine recep-
tors by CAR T-cells. For example, CCL5 (also known as
RANTES) is a potent T-cell chemoattractant that binds to
CCR1, 3 and 5. When expressed in neuroblastoma cells using
an oncolytic adenovirus and delivered in combination with
CAR T-cells, this approach also promotes enhanced intra-
tumoural T-cell trafficking (Nishio et al., 2014). Low-dose irra-
diation treatment or cyclophosphamide has also been shown
to increase migration of T-cells to prostate cancer bone metas-
tases in mice through induction of the potent T-cell chemoat-
tractant stromal-derived factor-1 (CXCL-12), which binds to
CXCR4 that is naturally expressed in some T-cell subsets
(Pinthus et al., 2004).

An additional strategy to increase T-cell infiltration into tu-
mours relies on normalizing of tumour vasculature, through
the use of anti-angiogenic drugs. The angiogenic switch
within solid tumours is regulated by vascular endothelial
growth factor (VEGF), which stimulates blood vessel growth
by binding to VEGF-receptor 2 (VEGFR2) on endothelial cells
but which also has immunosuppressive properties (Mulligan
et al., 2009). Levels of VEGF correlate negatively with the pres-
ence of tumour-infiltrating lymphocytes (TILs) in ovarian can-
cer (Zhang et al., 2003). However, infiltration of adoptively
transferred T-cells into melanoma tumours may be increased
using anti-VEGF therapy (Shrimali et al,, 2010) or B-Raf
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inhibition, which leads to down-regulation of VEGF in both
murine and human tumour biopsies (Liu et al., 2013).

6.3. Dealing with the tumour stroma problem

Tumour-related stroma comprises extracellular matrix (ECM),
fibroblasts, stellate cells, pericytes, immune cells and endo-
thelial cells that co-conspire to provide a pro-tumourigenic
environment (Hanahan and Weinberg, 2011). Dense stroma
can constitute a physical barrier to T-cell infiltration and loos-
ening of the stroma with either collagenase or heparanase can
increase T-cell distribution within the tumour (Salmon et al.,
2012) and enhance anti-tumour activity of CAR T-cells
(Caruana et al., 2015).

Several reports demonstrate that the stroma may
sequester T-cells away from tumour cells (Ene-Obong et al,,
2013; Molon et al,, 2011; Salmon et al., 2012; Weishaupt
et al.,, 2007), and this has been linked to the actions of
CXCL12, a chemokine released by cancer-associated fibro-
blasts (CAFs) in colorectal (Akishima-Fukasawa et al., 2009)
and ovarian cancer (Scotton et al., 2002), and by stellate cells
in pancreatic cancer (Ene-Obong et al., 2013). Numerous ap-
proaches have been used to block the CXCL12/CXCR4
pathway in order to increase intra-tumoural accumulation
of T-cells, such as (i) administration of the CXCR4 inhibitor
AMD3100 (Feig et al., 2013; Righi et al., 2011); (ii) expression
of a CXCR4 antagonist from an oncolytic vaccinia virus (Gil
et al., 2014) and (iii) targeting the source of CXCL12, either
through agents to render stellate cells quiescent (Ene-
Obong et al., 2013) or by targeting CAFs directly. Fibroblast-
activation protein o (FAP) is expressed in CAFs found in
many malignancies, including breast, colorectal, ovarian
and lung cancers (Garin-Chesa et al., 1990). In addition, it is
also expressed by some tumour cells themselves, including
by sarcomas (Dohi et al, 2009) and mesothelioma
(Schuberth et al., 2013). Selective ablation of FAP+ CAFs in
transgenic mice allows immunological control of PDAC
tumour growth (Kraman et al., 2010), suggesting that target-
ing of these cells could also augment CAR T-cell therapy. Sec-
ond generation CAR T-cells targeted against FAP inhibited
tumour growth in both MPM and lung cancer models
(Schuberth et al., 2013; Wang et al., 2014a). In a further study
using A549 lung adenocarcinoma xenografts, FAP-targeted
CAR T-cells exhibited anti-tumour activity, in a manner
that was enhanced by combination with EphA2 CAR T-cells
(Kakarla et al., 2013). Whilst no severe toxicity was observed
in these animal models, adoptive transfer of FAP-specific
CAR T-cells induced cachexia and lethal bone toxicity in
mice bearing subcutaneous xenografts owing to antigen
expression on multi-potent bone marrow stromal cells
(BMSCs) (Tran et al., 2013). Since FAP is also expressed in hu-
man BMSCs (Tran et al., 2013), caution must be applied in the
clinical application of FAP-targeted CAR T-cells. A Phase I
trial (clinicaltrials.gov; NCT01722149) is currently investi-
gating the use of FAP CAR T-cells administered directly in
the pleural cavity for the treatment of MPM (Petrausch
etal., 2012). As FAP is expressed both in all subtypes of meso-
thelioma cells and in CAFs, this approach can target both cell
types to maximize therapeutic efficacy (Schuberth et al.,
2013).

6.4.  Addressing the intra-tumoural metabolic challenge

Intra-tumoural acidosis and metabolic impairment both
inhibit T-cell cytotoxicity and thereby may hamper the suc-
cess of CAR T-cell immunotherapy for solid tumours. It was
discovered by Otto Warburg in 1927 that tumour cells metab-
olize glucose in a distinctive manner compared to non-
malignant cells (Warburg et al., 1927). Normal cells rely on
mitochondrial oxidative phosphorylation (OXPHOS) to
generate energy whereas tumour cells have a higher rate of
aerobic glycolysis, resulting in increased lactate production
even in the presence of plentiful oxygen. This is known as
the “Warburg effect” and leads to a drop in extracellular pH
(Gatenby and Gillies, 2004). In normal tissues, pH is around
7.4 whereas in tumours it is not uncommon to find a pH of
6.5 or less (Calcinotto et al, 2012;
Seetharaman, 1996). This acidic environment impairs T-cell
metabolism and effector function.

Activated T-cells also rely on glycolysis as a source of en-
ergy; naive T-cells use fatty acid oxidation whereas, upon an-
tigen encounter, T-cells shift to glycolysis to sustain effector
function (Sukumar et al., 2013). The resultant lactic acid pro-
duced by glycolysis is exported from the T-cell, a process
that is dependent on a gradient between cytoplasmic and
extracellular lactic acid concentrations. A lowered pH in the
tumour microenvironment disturbs this gradient, hindering
lactic acid export and thus disturbing T-cell metabolism
resulting in a hypo-responsive state (Calcinotto et al., 2012;
Fischer et al., 2007; Nakagawa et al., 2015).

In contrast to the substantial amount of work that has
focused on optimizing CAR T-cell signalling, very little atten-
tion has been paid to date on metabolic manipulations to
improve therapeutic efficacy of CAR T-cells. Inhibition of
acid secretion by proton pump inhibitors (PPIs) such as eso-
meprazole has been shown to enhance efficacy of both active
and adoptive immunotherapy (Calcinotto et al., 2012). Other
strategies aim to promote memory T-cell formation by inhib-
iting glycolytic metabolism, as memory T-cells do not rely
heavily on this and instead preferentially use fatty acid
OXPHOS. Rapamycin blocks mTOR signalling and has been
shown to increase memory CD8+ T-cell precursors (Araki
et al,, 2009). Similarly, metformin is an activator of AMPK
that restores fatty acid oxidation and promotes CD8+ memory
T-cell formation (Pearce et al., 2009). A third approach inhibits
glycolysis with 2-deoxyglucose (2DG) to prevent terminal dif-
ferentiation and enhance memory T-cell formation. Treat-
ment of CD8+ T-cells with 2DG led to enhanced migration to
lymphoid tissues. Although migration of adoptively trans-
ferred T-cells to melanoma tumours was not initially
increased, 2DG treated T-cells accumulated more efficiently
over time, resulting in improved anti-tumour activity
(Sukumar et al., 2013).

Gerweck and

6.5. The challenge of intra-tumoural hypoxia

Low oxygen availability is a hallmark of many solid tumours
and there is evidence that hypoxic conditions within the
tumour microenvironment can negatively affect cytotoxic T-
cell (CTL) function. Accumulation of hypoxia-inducible factor
(HIF)1-a suppresses T-cell effector function (Schlie et al., 2011)
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and furthermore can render tumour cells more resistant to
CTL-mediated lysis by HIFl-a dependent induction of the
microRNA miR-210 (Noman et al., 2012). An immunosuppres-
sive hypoxic environment is further encouraged by the
recruitment of regulatory T-cells (Tregs) to hypoxic regions
of the tumour. This may be achieved by hypoxia-driven pro-
duction of cytokines and chemokines such as transforming
growth factor (TGF)-B and CCL28 by tumour cells (Facciabene
et al.,, 2011; Hasmim et al., 2013). Furthermore, hypoxic Tregs
are more effective than their normoxic counterparts in sup-
pressing the proliferation of effector T-cells (Ben-Shoshan
et al., 2008). As IL-2 expression is reduced under hypoxic con-
ditions, Kim et al. sought to redress this by generating
hypoxia-resistant T-cells that up-regulate IL-2 when oxygen
contentis low (Kim et al., 2008). In a model of B cell lymphoma,
genetically modified T-cells sustained effector function and
proliferative capacity even when oxygen content was 1%,
leading to enhanced anti-tumour activity and overall survival
compared to parental T-cells (Kim et al., 2008).

A further mechanism of hypoxia-induced immunosuppres-
sion is elicited by the release of ATP from dying tumour cells.
Released ATP is metabolized to adenosine by the ecto-
enzymes CD39 and CD73, both of which are upregulated by hyp-
oxia (Sitkovsky et al.,, 2014). Adenosine binds to the A2A-
adenosine receptor (A2AR) on T-cells, leading to augmented
levels of intracellular cyclic AMP (cAMP) and inhibition of T-
cell receptor triggered signalling. In addition, genes that contain
the cAMP response element (CRE) or the hypoxia responsive
element (HRE) are upregulated, leading to expression of immu-
nosuppressive proteins such as TGF-, IL-10, CTLA-4 and PD-1
(Sitkovsky et al., 2014). There is a clear rationale to target both
hypoxia and the hypoxia driven A2-adenosinergic pathway in
order to improve T-cell effector function.

Agents that target various stages of the A2-adenosinergic
pathway include: i) inhibitors of CD39 and CD73; ii)
adenosine-degrading enzymes and iii) A2AR antagonists.
Anti-CD73 antibody therapy and antagonists of A2AR synergize
with anti-PD1 antibody treatment to enhance therapeutic ac-
tivity in several pre-clinical models (Allard et al., 2013; Beavis
et al., 2015). Similarly, knockdown or antagonism of A2AR in
adoptively transferred T-cells increases anti-tumour activity
(Darcy et al., 2014; Ohta et al., 2006). HER2 CAR T-cells up-
regulate expression of A2AR after antigen activation and com-
bination treatment with SCH58621, a small molecule A2AR
antagonist enhances survival, which is improved even further
in combination with anti-PD-1 treatment (Darcy et al., 2014).

Modifications to the way that CAR T-cells are cultured prior
to infusion may also render them more able to function in a
hypoxic environment, albeit transiently. Culture of CTLs in
the presence of the adenosine receptor agonist NECA (5'-N-
Ethylcarboxamidoadenosine) during the expansion phase
leads to selection of more resistant cells that are able to prolif-
erate even in the presence of NECA (Ohta et al., 2009).
Although this hypo-responsiveness was transient, it is
possible that temporarily decreasing A2ARhi populations of
T-cells may improve their in-vivo function in the first few
days after infusion.

Finally, it was recently reported that respiratory hyperoxia
(60% oxygen) decreases intra-tumoural hypoxia and concen-
trations of extracellular adenosine, leading to reversal of

hypoxia-adenosinergic immunosuppression. This led to
increased infiltration of adoptively transferred T-cells and
NK cells, resulting in improved tumour regression (Hatfield
et al., 2015), supporting the idea that supplemental oxygen
can be given as a co-adjuvant therapy.

6.6. Miscellaneous approaches to address the tumour
microenvironment problem

An alternative strategy to improve T-cell survival and effector
function within the hostile tumour microenvironment entails
the engineering of CAR T-cells to release one or more cyto-
kines. Several groups have shown that CAR T-cells that ex-
press IL-12 achieve improved anti-tumour activity (known
variously as “armoured CARs” or “Trucks”) (Chmielewski
et al,, 2011; Pegram et al., 2012; Zhang et al., 2011). Alterna-
tively, additional survival signals may be provided by engi-
neering CAR T-cells to secrete a common gamma cytokine
such as IL-2, IL-7, IL-15 or IL-21 (Markley and Sadelain, 2010;
Quintarelli et al., 2007) or to acquire heightened responsive-
ness to a tumour-derived cytokine such as IL-4 (Wilkie et al.,
2010) or colony-stimulating factor-1 (Lo et al., 2008).

7. Combination therapy

Targeted therapies and cytotoxic agents can modulate the im-
mune response, which raises the possibility that these can be
combined with immunotherapy to improve clinical outcomes
(reviewed by Melero et al., 2015; Vanneman and Dranoff,
2012).

7.1. Combination with checkpoint inhibitors

A major impediment to the efficacy of CAR T-cells is the
immunosuppressive tumour microenvironment, where
increased expression of inhibitory signals for activated T-cells
play a role in hampering the immune response. These inhibi-
tory checkpoint receptors include cytotoxic T lymphocyte-
associated antigen 4 (CTLA4) and programmed death-1 (PD-
1), which are expressed on activated T-cells and act to inhibit
effector function. Whilst these signalling pathways limit
excessive inflammation and therefore damage to healthy tis-
sue during a normal immune response, tumours have evolved
to hijack these mechanisms to evade immune attack. For
example, the ligand for PD-1 (programmed death-ligand 1
(PDL-1)) is overexpressed on tumour cells and macrophages
and is associated with poorer prognosis in several cancers
including renal cell carcinoma (RCC) and ovarian cancer
(Hamanishi et al., 2007; Maine et al., 2014; Thompson et al,,
2006). Monoclonal antibodies that block checkpoint receptors
and their ligands such as CTLA4, PD-1 and PDL-1 have already
demonstrated remarkable activity in the clinic, even in refrac-
tory solid tumours, with responses seen in patients with mel-
anoma, RCC, NSCLC and ovarian cancer (Brahmer et al., 2012;
Hodi et al., 2010; Topalian et al., 2012). A logical evolution of
CAR immunotherapy therefore is to combine CAR T-cells
with checkpoint inhibitors, an approach which has already
proved advantageous in several pre-clinical models (John
et al., 2013; Peng et al., 2012; Teo et al., 2015). The concern
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with this combination is the potential for uncontrolled prolif-
eration and activation of CAR T-cells, although it would be
possible to mitigate against this with the use of suicide genes
such as the iCasp9 system (see Section 5.4).

7.2 Combination with targeted therapies

Some targeted therapies manifest important immunomodu-
latory properties in addition to their effects on tumour cells.
Inhibitors of the mTOR pathway can enhance CD8+ T-cell
activation and augment differentiation into memory T cells
(Vanneman and Dranoff, 2012) and have already been dis-
cussed in section 6.4. In addition, sunitinib is an inhibitor of
multiple tumour-associated tyrosine kinases but also de-
creases the numbers of myeloid-derived suppressor cells
(MDSCs) and Tregs. Furthermore, treatment with sunitinib de-
creases expression of CTLA4 and PD-1 on T-cells and PDL-1 on
MDSCs (Ozao-Choy et al., 2009) and blocks STAT3 signalling.
Ablation of Stat3 in T-cells prior to adoptive transfer allows
proliferation in vivo and tumour growth inhibition, a result
that is duplicated with combination therapy of sunitinib and
adoptively transferred T-cells in pre-clinical models of RCC
and melanoma (Kujawski et al., 2010).

7.3. Combination with cytotoxic therapies

The immunological aspects of chemotherapy agents have
been well documented elsewhere (Galluzzi et al., 2012;
Zitvogel et al., 2008) and there is increasing interest in
combining adoptive immunotherapy with conventional ther-
apy to improve clinical outcome. Some chemotherapies such
as cyclophosphamide, mitoxantrone, doxorubicin and oxali-
platin are known to induce an immunogenic cell death (ICD),
which is characterized by exposure of calreticulin at the cell
surface and release of ATP and the chromatin-binding high
mobility group Bl (HMGB1) and can trigger an adaptive im-
mune response (Pol et al.,, 2015). Cyclophosphamide is the
best studied alongside CAR T-cell therapy owing to its use as
a lymphodepleting agent. The importance of pre-
conditioning was demonstrated by enhanced CD19 CAR T-
cell persistence in patients who received cyclophosphamide
(Brentjens et al., 2011), which not only reduces numbers of
immunosuppressive T-cells and makes room for transferred
CAR T-cells but may also allow spontaneous expansion of
transferred T-cells to maintain homeostasis in a phenomenon
known as rebound overshoot (Proietti et al., 2012).

Other chemotherapies do not lead to ICD yet are able to
induce immunogenic modulation that can sensitize tumour
cells to CAR T-cells. This has been observed in several models
using various drugs. For example, pre-treatment of prostate,
breast and colorectal cancer cells with docetaxel sensitizes
tumour cells to PSA, MUC1 and CEA specific T-cells, respec-
tively (Hodge et al., 2013). Modulation of the immune system
by low dose chemotherapy can reduce mechanisms of immu-
nosuppression and trigger recruitment of CD8+ lymphocytes
to tumours, with patients receiving dose dense cisplatin and
paclitaxel showing elevated serum levels of IL2 and IFNy
indicative of cytotoxic T-cell activity (Chang et al., 2013). Com-
bination of low dose chemotherapy with CAR T-cells can
therefore be used to enhance therapeutic efficacy, as

demonstrated in a pre-clinical model of ovarian cancer where
low dose carboplatin had no anti-tumour activity alone but
improved the efficacy of ErbB targeted CAR T-cells (Parente-
Pereira et al.,, 2013). Immune modulating activity of other
chemotherapeutic drugs has also been described which war-
rants their investigation in combination with CAR T-cells.
For example, platinum-based chemotherapeutics reduce
expression of PDL2 on tumour cells and dendritic cells
(Lesterhuis et al., 2011) and several commonly used drugs
are able to increase the permeability of tumour cells to gran-
zyme B (Ramakrishnan et al., 2010). In the latter, granzyme B
uptake is perforin independent and leads to the death of
neighbouring cells that do not express an antigen to which
cytotoxic T-lymphocytes are specific. This bystander effect
can enhance the overall efficacy of CAR T-cells, particularly
in heterogenous tumours where the target antigen may not
be expressed on all cells.

8. The development of “off-the-shelf” CAR T-cells

Currently, the personalized nature of CAR T-cell therapy re-
stricts their use to specialized facilities that are able to manu-
facture genetically modified autologous T-cells under good
manufacturing practice (GMP). Collection, purification and
activation of T-cells are all subject to variability based on the
natural variation, disease stage and prior treatment of the pa-
tient. Additionally, transduction efficiency of T-cells can vary
and poor transduction/expansion can restrict certain patients
from receiving the planned dose of CAR T-cells (Lee et al.,
2015). Furthermore, the expansion phase required to generate
large numbers of CAR T-cells required can delay treatment to
patients.

Attempts to generate allogeneic “off the shelf” CAR T-cells
are thus in development. This is not possible without genetic
engineering, as the endogenous TCR in donor T-cells recog-
nizes allogeneic HLA molecules and minor antigens in the
host to react against non-autologous tissue, leading to
GVHD. It is possible to ablate TCR expression through gene
disruption using zinc finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENSs) or CRISP/Cas9 tech-
nology (reviewed in Themeli et al., 2015). This approach has
been used to generate transgenic TCR (Berdien et al., 2014;
Provasi et al., 2012) and CAR T-cells (Poirot et al., 2015;
Torikai et al., 2012; Valton et al., 2015). Poirot et al. developed
a CD19-targeted CAR T-cell population that is deficient in
expression of both the TCR and CD52, the target of the lym-
phodepleting monoclonal antibody alemtuzumab. Knockout
of these two genes using TALEN technology allows the pros-
pect of allogeneic delivery without GvHD and confers resis-
tance to alemtuzumab to allow CAR T-cell engraftment in
the presence of host T-cell depletion (Poirot et al., 2015). How-
ever, patients would be profoundly immune compromized in
response to alemtuzumab therapy. A similar approach using
TALEN-mediated gene editing generated TCRaf deficient
CAR T-cells that are also resistant to clofradine, cytarabine
and fludaribine, three commonly used lymphodepleting
chemotherapeutic agents (Valton et al., 2015). As an additional
safety feature, allogeneic CAR T-cells can be engineered to co-
express the RQR8 gene to render them sensitive to rituximab
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(Smith et al., 2015). In this manner, CAR T-cells can be
depleted in the event of GvHD.

A second approach to create allogeneic CAR T-cells relies on
the use of progenitor cells as a cell source (reviewed extensively
in Themeli et al., 2015). Unlike T-cells, their precursors cannot
cause GVHD as they complete their differentiation in the recip-
ient’s thymus and thus become tolerant to the host (Themeli
et al., 2015). Transduction of induced pluripotent stem cell
(iPSC) derived T-cells with a CD19-targeted CAR gives rise to
an innate yd T-cell-like population, despite expression of the
endogenous TCR. In a proof of principle study, these CAR-
TiPSC T-cells generated in-vitro showed anti-tumour efficacy
against a CD19+ lymphoma in-vivo that was comparable to
that of T-cells derived from peripheral blood (Themeli et al.,
2013). However, this research is at an early stage and more
studies are needed to assess the expansion and functional ca-
pabilities of iPSC-derived T-cells. To date, autologous T-cells
represent the most developed source of CAR T-cell therapy.

9. Conclusions

First developed over 20 years ago, CAR T-cells are now an
exciting and realistic treatment option for haematological ma-
lignancies. The need for more targeted and personalized med-
icine has become clearer over time with regards to developing
novel therapies and adoptive T-cell therapy is no longer
considered an experimental and risky approach. Indeed, the
clinical successes seen with CD19-targeted CAR T-cells pave
the way for broader clinical application, particularly in the
arena of solid cancers. The safety of CAR T-cells remains a
concern and emphasizes the need to identify safe antigen tar-
gets. However, huge developments have been made in this
area as clinical experience increases and now there are
grading systems for CRS, with management of toxicity
becoming more advanced. In particular, the use of the IL6Ra
antagonist antibody tocilizumab and suicide systems has
the potential to greatly reduce serious adverse effects.

Several challenges have been identified that have hampered
success, especially against solid tumours. Extensive research is
ongoing to address these issues, including strategies to
enhance trafficking to the tumour, in-vivo persistence and
the ability of CAR T-cells to thrive in the hostile tumour micro-
environment in order to maximize therapeutic efficacy. In
addition, there is potential to combine CAR T-cell therapy
with conventional chemotherapeutics or other exciting
emerging immunotherapeutics such as checkpoint inhibitors.

As technologies develop, the ability to develop “off the
shelf” universal CAR T-cells generated from healthy donors
also provides an exciting opportunity. Coupled with
increasing interest in the field from commercial entities, this
may accelerate clinical implementation and the advance of
CAR T-cell therapy as a first line therapy.
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