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Summary

T cells can be redirected to recognize tumour antigens by

genetic modification to express a chimeric antigen receptor

(CAR). These consist of antibody-derived antigen-binding

regions linked to T cell signalling elements. CD19 is an ideal

target because it is expressed on most B cell malignancies as

well as normal B cells but not on other cell types, restricting

any ‘on target, off tumour’ toxicity to B cell depletion.

Recent clinical studies involving CD19 CAR-directed T cells

have shown unprecedented responses in a range of B cell

malignancies, even in patients with chemorefractory relapse.

Durable responses have been achieved, although the persis-

tence of modified T cells may be limited. This therapy is not

without toxicity, however. Cytokine release syndrome and

neurotoxicity appear to be frequent but are treatable and

reversible. CAR T cell therapy holds the promise of a tailored

cellular therapy, which can form memory and be adapted to

the tumour microenvironment. This review will provide a

perspective on the currently available data, as well as on

future developments in the field.

Keywords: T lymphocytes, immunotherapy, gene transfer,

cellular therapies.

Haematological malignancies often express tumour-associ-

ated antigens that are shared with normal cells. Such

tumours evade the host immune system because many T

cells directed against self-antigens are deleted during thymic

education, and those that persist are suppressed by a regula-

tory population of T cells (Tregs). Genetic modification of T

cells with DNA encoding recombinant receptors (chimeric

antigen receptor, CARs) can redirect them to recognize self-

antigens on the tumour (Pule et al, 2003). CARs consist of

an antigen recognition domain derived from an antibody

fused to T cell receptor (TCR) signalling domains. CAR T

cells can recognize a wide range of cell surface molecules

without the constraint of major histocompatibility complex/

human leucocyte antigen (HLA) restriction, such as is the

case for TCR recognition. Thus, a single construct can be

applied to any individual whose tumour expresses the tar-

geted antigen, and there is no risk of reduced efficacy in the

face of tumour down-regulation of HLA. T cells are not the

only cytolytic cells that can express CARs. Natural Killer

(NK) and NKT cells have also been studied and may have a

lower propensity to cause graft-versus-host disease (GVHD)

in an allogeneic setting (Heczey et al, 2014; Klingemann,

2014). However, at present, only CAR T cells have been

tested clinically.

This review will focus on therapies based on CAR-express-

ing T cells that target the CD19 antigen. Research on this

area from a number of groups has led to a rapid trajectory

from pre-clinical work to established efficacy in multiple

clinical studies in several disease settings. The potency of

CD19 CAR T cells, particularly in acute lymphoblastic

leukaemia (ALL) but also in other B cell malignancies, is

unprecedented within the field of immunotherapy (see

Table I).

CD19 as a tumour-associated antigen

CD19 is a 95 kD transmembrane glycoprotein expressed on

the B lineage from the early pro-B to mature B cell stages

and is part of the B cell surface signal transduction com-

plex. It is expressed on a range of B cell malignancies,

including >95% of cases of ALL, B cell non-Hodgkin lym-

phoma (NHL) and chronic lymphocytic leukaemia (CLL). It

is not expressed on other haematopoietic populations or

non-haematopoietic cells. Targeting this antigen therefore

should not lead to toxicity to the bone marrow or non-

haematopoietic organs, making CD19 an ideal CAR target.

However, its expression on normal B cells means effective

CD19 CAR T cell therapy will result in B cell aplasia and

hence, hypogammaglobulinaemia.
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Chimeric antigen receptor design

CAR structure

T cell receptors are known to have modular signalling

domains (Irving & Weiss, 1991). This led Eshhar et al (1993)

to generate the first CAR by fusing a single chain variable

fragment (scFv) derived from an antibody with a CD3ς sig-

nalling domain. In this way, CARs graft the specificity of a

monoclonal antibody onto the dynamic and persisting char-

acteristics of an effector T-cell.

The common elements of all CARs (Fig 1) consist of:

1 A targeting domain, typically an scFv. The affinity and the

density of the target molecule on the tumour cell are key

determinants of the degree of cellular activation and the

nature of downstream signalling. A study on CD22-spe-

cific CAR T cells suggests the proximity of the CAR bind-

ing site to the cell membrane may also influence anti-

tumour efficacy, with CARs binding more proximally giv-

ing enhanced cytotoxicity (James et al, 2008).

2 An extracellular spacer domain both extends the binding

domain away from the T-cell membrane and allows suit-

able freedom of orientation. The optimal design is crucial –
too long a spacer can impair effector responses (Hudecek

et al, 2013) whilst incorporation of Fc domains may lead to

activation-induced cell death following ligation by host Fc

receptors (Hudecek et al, 2014). This region is usually

derived from IgG, CD8a, or CD28 molecules.

3 A transmembrane domain (e.g., from CD28).

4 An intracellular signalling domain, usually the TCRς
chain.

Importance of co-stimulation

These initial CAR designs triggered T-cell killing but not full

activation, resulting in an absence of proliferation or cyto-

kine secretion in response to antigen (Hombach et al, 2001a,

b). It has long been known that full T cell activation arises

from the combination of antigen-related TCR/CD3 signalling

(signal 1) and the interaction of a host of co-stimulatory

receptors on the T cell with ligands expressed by antigen pre-

senting cells, including CD28, 4-1BB (CD137, TNFRSF9),

inducible T cell co-stimulator (ICOS) and OX40 (CD134,

TNFRSF4) (Kershaw et al, 2013). In the absence of co-stimu-

lation, TCR stimulation leads to anergy (Schwartz, 2003).

This is critical because tumour cells often lack co-stimulatory

ligands. CD28 promotes T cell proliferation, survival and

cytokine production through enhanced TCR signalling, as

well as activation of AKT and BCL-xl (BCL2L1). 4-1BB and

OX40 are inducibly expressed on T cells following TCR sig-

nalling, and serve to support proliferation at later stages of

the immune response.

This deficit in CAR function was remedied by construct-

ing CARs with compound endodomains, incorporating

co-stimulatory molecules such as CD28, 4-1BB and OX40

along with CD3f (CD247) (Finney et al, 1998, 2004; Maher

et al, 2002). T-cells expressing these ‘second generation’

CARs (Fig 2) not only kill CD19-expressing targets at lower

effector:target ratios (Imai et al, 2004), but show greater

cytokine and proliferative responses (Haynes et al, 2002;

Carpenito et al, 2009; Milone et al, 2009). T cells expressing

second generation CARs also mediate more effective regres-

sion of ALL in xenograft models (Brentjens et al, 2007). As

well as improving activation, the incorporation of co-stimu-

latory domains may improve the persistence of CAR-trans-

duced T cells in vivo. ‘Third generation’ CARs (Fig 2) have

also been described (Pule et al, 2005).

The importance of co-stimulation has been directly con-

firmed in a clinical trial, which demonstrated enhanced

expansion and persistence of T cells expressing a second gen-

eration CAR (Savoldo et al, 2011). While there is general

agreement that T cells bearing second generation CARs are

more effective than first generation CARs, whether there is

any advantage of using one co-stimulatory domain over

another is unclear. In vitro data comparing second generation

CD19 CARs with CD28 or 4-1BB co-stimulatory domains

suggested that whilst cytotoxicity was equivalent, 4-1BB con-

taining CARs induced improved proliferation. Consistent

with this, T cells transduced with this receptor had greater in

vivo expansion, longer survival and mediated more potent

anti-leukaemic effects against established primary human

ALL in immunodeficient mice (Milone et al, 2009). How-

ever, this may be specific to CD19 CARs as conflicting data

are reported for other CARs (Carpenito et al, 2009). An on-

going clinical trial aims to determine which is the best co-

stimulatory domain for CD19 CARs (NCT00466531). Com-

binations of co-stimulatory domains, such as in third genera-

tion CARs, have not clearly shown a benefit. Indeed, in a

pre-clinical study comparing CD19 CARs containing a 4-1BB

domain or both 4-1BB and CD28 domains, the former out-

performed the latter in cytotoxic function (Kochenderfer

et al, 2009), and a similar observation was made in a study

of CD22-reactive CARs (Haso et al, 2013). Third generation

CARs, e.g., recognizing CD20, are now starting to be tested

in humans (Till et al, 2012).

Pre-clinical studies

In vitro studies of CD19 CAR T cells demonstrated that these

could lyse primary CLL and ALL cells (Brentjens et al, 2003,

2007; Cooper et al, 2003). In vivo anti-tumour efficacy was

then demonstrated in immunodeficient mice bearing estab-

lished human B cell tumours derived from both cell lines

and primary human malignancies without apparent toxicity

to non-haematopoietic tissues (Brentjens et al, 2007; Cheadle

et al, 2010; Kochenderfer et al, 2010; Landmeier et al, 2010).

However, study of persistence of human T cells in such

xenogeneic tumour models is precluded because of a lack of

a human cytokine milieu. The development of CARs directed
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against murine CD19 enabled investigation of the efficacy of

CAR-transduced murine lymphocytes against syngeneic

CD19+ tumours in immune-competent mice (Cheadle et al,

2010; Kochenderfer et al, 2010). Whilst these studies estab-

lished the potential of CD19 CAR T cells to mediate potent

anti-tumour effects in vivo, they are inherently limited in

terms of modelling the toxicity and persistence of the CD19

CAR T cells in humans. Further useful data could therefore

only be obtained by clinical trials.

Methods by which CARs can be introduced into
T cells

A number of methods have been used to introduce CARs

into T cells. Each has its advantages and disadvantages in

terms of complexity, stability of transgene expression, safety

and cost.

Integrating viral vectors

Both c-retroviral or lentiviral vectors can permanently insert

DNA into the genome. Modern packaging systems provide

viral components separately (split packaging) and are safe,

eliminating initial concerns of generating replication-compe-

tent vectors. These vectors are highly efficient in transducing

T cells after in vitro activation with various cytokines �CD3/

CD28 stimulation. One concern is the potential for oncogen-

esis caused by randomly inserting transgenes into the gen-

ome, as observed when retrovirally-corrected haematopoietic

stem cells were used to treat patients with X-linked severe

combined immunodeficiency (Hacein-Bey-Abina et al, 2003).

However, retroviral gene transduction in T cells has been safe

(Scholler et al, 2012) with no recorded cases of insertional

mutagenesis in over 200 patients treated to date.

Lentiviral vectors are capable of transducing quiescent

cells, while c-retroviral vectors require cells in mitosis. This

difference may be moot, given that all CAR T-cell production

protocols currently employ powerful mitogenic stimuli. Len-

tiviral vectors are theoretically safer: their integration prefer-

ence is less focused on transcriptional start sites compared

with c-retroviruses and they are typically ‘self-inactivating’, so

after insertion the powerful viral promoters are truncated.

The advantage of c-retroviral vectors is that it is possible to

generate a stable producer cell line allowing production of

indefinite quantities of vector. In contrast, lentiviral vector

production depends on transient transfection, limiting

broader application.

Transposon-based integration

Transposon-based systems, such as Sleeping Beauty, intro-

duce plasmid DNA (which is considerably cheaper than

retroviral vectors) by electroporation along with DNA or

RNA which codes for a transposase. Specific terminal repeats

flanking the CAR expression cassette are recognized by the

transposase and the cassette inserted into the T-cell’s gen-

ome. However, such protocols result in considerable cell

death and typically require prolonged culture for cellular

recuperation. These systems are being applied in clinical

studies. If equivalent to integrating vector approaches, the

cost and complexity of CAR T-cell production will be con-

siderably reduced.

Electroporation of mRNA

Introduction of synthetic mRNA into T-cells without integra-

tion into the host genome is not toxic to the T-cell but leads

to only transient expression of CAR, which may limit anti-

tumour responses. Temporary CAR expression may mean

toxicity will be short-lived, however. One proposed applica-

tion of mRNA CAR T-cells has been to detect unexpected

toxicity before administration of permanently engineered

T-cells.

Fig 1. Chimeric antigen receptor (CAR) structure and design. CARs

are artificial type I transmembrane proteins: an amino terminal

extracellular segment or ‘ectodomain’ is connected to an intracellular

carboxy-terminal segment or ‘endodomain’ via a transmembrane

domain (TM). The ectodomain consists of an antigen-binding

domain and a spacer domain. The antigen-binding domain is typi-

cally a single-chain variable fragment derived from a monoclonal

antibody, but can be any antigen-recognizing domain. The spacer

acts to extend the antigen-binding domain out from the T-cell mem-

brane. Typical spacers include the stalk segment of CD8, the Fc por-

tion of immunoglobulin, the IgG1 hinge, the ectodomain of CD28

or the low-affinity nerve-growth factor receptor. The endodomain

acts to transmit T-cell signals and typically comprises of one, two or

three signalling components. Early first generation CARs had endod-

omains which contained immunomodulatory activation domains

(e.g. CD3zeta), but had no co-stimulatory components. Second gen-

eration CARs have endodomains containing a single co-stimulatory

component as well as CD3zeta endodomain. Third generation CARs

have endodomains which contain CD28, either a 4-1BB or OX40

component, and a CD3zeta endodomain. VH, variable region of

immunoglobulin heavy chain; VL, variable region of immunoglobu-

lin light chain; scFv, single-chain variable fragment.
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Selection of T cell subsets for CAR T cell
therapy

Most reported clinical studies of CD19 CAR T cell therapy

have involved transfer of bulk transduced T cells with wide

variation in terms of the CD4: CD8 ratio, proportion of reg-

ulatory T cells (Treg) and memory T cell subsets. The ideal

T cell type to engineer and transfer is unknown; however,

some ground rules are emerging. Co-transfer of CD4 and

CD8 T cells with tumour specificity improves efficacy,

through both CD4 help and other anti-tumour effects

(Adusumilli et al, 2014).

Memory T cells rapidly expand upon antigen re-exposure

and provide life-long immunity. Therefore, exploitation of

specific memory subtypes may lead to improved anti-tumour

effects. Effector memory T cells (Tem) give rise to effector T

cells adapted for cytotoxic functions but may not persist long

term. Central memory T cells (Tcm), on the other hand have

a high proliferative potential, persist long term and have the

ability to repopulate both memory compartments. Further,

Tcm express CCR7, which enables them to penetrate the

lymph nodes and bone marrow (Sallusto et al, 1999), the

niches of haematological malignancies. Non-human primate

studies of adoptive transfer of antigen-specific CD8+ T cell

clones suggest clones derived from Tcm but not Tem persist

long term in vivo (Berger et al, 2008). Emerging data suggest

the percentage of Tcm within the circulating CAR T cell pool

may fall from levels within infused product (Kochenderfer

et al, 2014). Thus, selection of Tcm for CD19 CAR immuno-

therapy may potentially improve both efficacy and persis-

tence. Other studies have suggested na€ıve or memory stem

cells may be optimal for adoptive immunotherapy (Hinrichs

et al, 2011; Gattinoni et al, 2011). Isolation of distinct T cell

subsets using immunomagnetic selection prior to CAR engi-

neering may make the infused product more homogeneous

but adds complexity. Studies of adoptive transfer of CD4+

and CD8+ central memory T cells that are separately trans-

duced and infused at a defined ratio are now underway in

Seattle (Riddell et al, 2014).

An alternative approach to improve persistence of CAR T

cells is the use of T cells with anti-viral specificity. Transfer of

virus-specific T cells (VSTs) can safely improve anti-viral

immunity after allogeneic stem cell transplantation (SCT)

(Heslop et al, 2010). VSTs mediate anti-viral responses with-

out causing GVHD, expand in vivo and can persist long term.

Such T cell populations have dual specificity. The endogenous

TCR allows physiological T cell activation in the setting of

viral infection/reactivation whilst presence of the CAR allows

for anti-tumour responses. Transduced memory VSTs may be

primed in vivo by viral antigens, promoting persistence

(Cooper et al, 2005). Proof of concept was established with

the use of Epstein–Barr virus (EBV) CTLs redirected to a neu-

roblastoma antigen with a first generation CAR (Pule et al,

2008). Patients received two populations of CAR-bearing cells

that were distinguishable on a molecular level, one of T cells

activated from peripheral blood mononuclear cells using a

standard transduction protocol, the other being EBV-specific.

The expansion and persistence of the CAR-transduced EBV

CTLs was greater than the standard CAR T cells.

This approach to improving persistence may be advanta-

geous over employing newer-generation CARs because signal-

ling through the latter may not be subject to the same degree

Fig 2. Ex vivo chimeric antigen receptor (CAR) T cell production. Autologous CAR T-cells are generated as follows: peripheral blood mononu-

clear cells (PBMCs) are harvested either from whole blood or, more usually, by leukapheresis.PBMCs are given a mitogenic stimulus, typically

using beads coated with anti-CD3/anti-CD28 monoclonal antibodies. Stimulated PBMCs are then exposed to the viral vector and cultured in the

presence of cytokine. Since the mitogenic stimulus is T-cell specific, after a few days the cultures typically only contain T-cells and natural killer

cells. These cells are expanded for a few days. Expression of CAR is checked usually by flow-cytometry and product is cryopreserved. The cell

product is typically thawed at the bedside and administered intravenously.
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of negative regulation as natural TCR signalling. Indeed,

supra-physiological immune activation may be responsible

for the adverse effects experienced by some patients. A

preliminary report from the first clinical trial utilizing VSTs

transduced with a second generation CD19 CAR in eight

patients with CLL and ALL following allogeneic SCT has

reported only limited persistence of up to 12 weeks, with

similarly short-lived objective responses in two of six evalu-

able patients (Cruz et al, 2013). In light of this, we are cur-

rently investigating whether vaccination with irradiated,

EBV-transformed lymphoblastic cell lines will improve the

persistence of EBV-specific T cells redirected with a first gen-

eration CD19 CAR within a prospective cohort study of pae-

diatric ALL patients relapsing post allogeneic SCT

(NCT01195480).

Preparing the patient for CAR T-cells

Previous experience from immunotherapy with melanoma

tumour-infiltrating lymphocytes has shown that pre-condi-

tioning patients with lymphodepleting chemotherapy resulted

in enhanced engraftment, in vivo expansion and anti-tumour

efficacy (Rosenberg et al, 2011; Restifo et al, 2012). Benefit

was also shown in animal models of CD19 CAR T cell ther-

apy (Kochenderfer et al, 2010). Lymphodepletion, typically

with fludarabine and cyclophosphamide, is incorporated into

almost all current CD19 CAR studies. Lymphodepletion may

facilitate the expansion of adoptively transferred T cells by

eliminating Tregs (Antony et al, 2005) and may reduce com-

petition for homeostatic cytokines [e.g. interleukin (IL) 2

and IL7] (Gattinoni et al, 2005) facilitating CAR T cell

engraftment and expansion.

Clinical studies using CD19 CARs (see Table I)

Treatment of NHL and CLL

An initial study of T cells transduced with a first generation

CD19 CAR in patients with refractory follicular lymphoma

was reported by investigators from the City of Hope Medical

Centre (Jensen et al, 2010). Despite lymphodepletion and

administration of IL2, T cell persistence was limited to

<1 week, and no responses or toxicity were seen. This may

relate both to the absence of a co-stimulatory domain in the

CAR and anti-CAR directed host immune responses, seen in

two of four patients.

The first use of a second generation CD19 CAR incorpo-

rating a CD28-derived co-stimulatory domain (Kochenderfer

et al, 2010) was reported by the US National Cancer Institute

(NCI) group, in a patient with follicular lymphoma. Lymph-

odepletion and IL2 were administered. Transduced T cells

persisted up to 27 weeks and the patient’s lymphoma had an

impressive partial response lasting 32 weeks with a similar

duration of B cell aplasia. This study suggested persistence

may be improved with use of a second generation CAR, a

point later confirmed in an elegant study by Savoldo et al

(2011). They co-transferred autologous T cell populations

separately transduced with first and second generation CARs

with the same CD19 recognition domain into 6 patients with

B-cell NHL. This design allowed comparison of expansion

and survival of both T cell populations in the same recipient

and showed that these are improved in T cells bearing a sec-

ond generation CAR. Clinical responses were limited, with

two of six patients having stable disease, and the other four

suffering progressive disease.

A more recent publication from this group assessed

responses in a cohort of 15 patients, mostly with NHL (Koc-

henderfer et al, 2014). The second generation CAR employed

was derived from the FMC63 monoclonal antibody and con-

tained a CD28 co-stimulatory domain. T cells were infused

following lymphodepletion. Impressive response rates were

reported with 12 of 13 evaluable patients achieving a

response, of which eight were complete responses (CRs). Per-

sistence of CAR T cells was noted to 75 days and responses

were durable, with the best response duration being on-going

at 23 months. As discussed below, these responses were asso-

ciated with significant toxicity, mostly attributable to cyto-

kine release syndrome (CRS).

Investigation of second generation CD19 CARs in the

therapy of patients with CLL was first reported from the

University of Pennsylvania, with a CD19 CAR containing a

4-1BB co-stimulatory domain (Porter et al, 2011). They trea-

ted three patients with refractory CLL (Porter et al, 2011).

Two patients had prolonged complete remissions and the

third had a partial response. A similar study in patients with

advanced CLL using a second generation CAR containing a

CD28 co-stimulatory domain was reported from the group

at Memorial Sloane Kettering (Brentjens et al, 2011). Of the

seven evaluable CLL patients, one achieved a dramatic

reduction in lymphadenopathy, which was durable for

6 months, and two patients with previously rapidly progres-

sive disease then experienced stable disease post-T cell infu-

sion. Responses were only obtained in patients who also

received lymphodepleting chemotherapy. This study also

provided preliminary data that persistence may be inversely

related to disease burden. If confirmed, it may be that CAR

T cell therapy protocols should be adapted to the setting of

minimal rather than bulky disease. In the recent NCI study

(Kochenderfer et al, 2014), all four patients with advanced

CLL responded with three out of four CRs, durable up to

23 months.

Therapy following allogeneic transplantation for CLL has

been reported in two studies (Cruz et al, 2013; Kochender-

fer et al, 2013). Neither study utilized conditioning therapy

and, of note, the former study expanded and used VSTs as

the effector population for CAR transduction. CAR T cell

persistence was limited to a month. Of eight patients across

these two studies with CLL, there was one durable CR.

There was no evidence of GVHD following allogeneic CAR

T cell therapy.
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Treatment of ALL

The first studies in ALL (Table I) were published in Spring

2013, by groups from Memorial Sloane Kettering (Brentjens

et al, 2013) and the University of Pennsylvania (Grupp

et al, 2013). In the report of Grupp et al (2013), two chil-

dren with relapsed, refractory ALL were treated with T cells

lentivirally transduced with a second generation CD19 CAR

utilizing the FMC63 scFv and incorporating a 4-1BB co-

stimulatory domain. Both achieved a molecular CR, which

was durable in one case, whereas the other patient relapsed

with CD19� disease 2 months later. An updated report of

this study, including 30 patients, has recently been pub-

lished (Maude et al, 2014). Half of these patients had

relapsed following allogeneic SCT, two had involvement of

the central nervous system (CNS) and two cases were

refractory to blinatumomab therapy. 90% achieved a CR at

1 month, 22 of 28 evaluable cases achieved minimal resid-

ual disease (MRD) negativity and the 6-month event-free

survival rate was 67%. 15 patients received no further therapy

after the study. The cases with CNS disease showed clearance

of leukaemia from this site. Durable responses appeared to

correlate with higher peak levels of circulating CAR-trans-

duced T cells, as well as with the duration of B cell aplasia. In

the patients who relapsed following initial response to CAR T

cell therapy, there were cases of both CD19+ and CD19�

relapses (4 and 3 cases, respectively). CD19+ relapse was gen-

erally associated with loss of circulating CAR T cells and

recovery of normal B cells whereas CAR T cells persisted in

patients who developed CD19� leukaemic escape. CRS devel-

oped to some extent in all patients, with eight patients (27%)

requiring admission to intensive care for organ support. CRS

was treatable with tociluzumab, an IL6 receptor blocking anti-

body, in nine patients and six also required a curtailed course

of steroids. Neurological toxicity was noted in 13 patients.

Full recovery of CRS and neurological toxicity was noted in

all affected patients.

In the adult setting, Brentjens et al (2013) treated five ALL

patients (two with refractory relapse, two with MRD-positive

disease and one who was MRD-negative) with autologous T

cells retrovirally transduced to express a CD19 CAR incorpo-

rating an scFv derived from the SJ25C1 hybridoma and a

CD28 co-stimulatory domain. All of these achieved a deep

molecular remission, enabling four of these patients to receive

an allogeneic SCT. This precluded assessment of the durability

of responses but CAR T cells were only detectable in the blood

or bone marrow for 3–8 weeks after infusion. The patient who

was not transplanted relapsed at 90 d with CD19+ disease.

Subsequently, Davila et al (2014) have updated this cohort.

Fourteen of 16 adult patients had detectable disease at the

point of CAR T cell infusion, despite salvage chemotherapy

and cyclophosphamide conditioning. Fourteen of 16 achieved

a CR with or without count recovery including seven of nine

patients with morphological evidence of detectable MRD after

salvage chemotherapy. Twelve of 16 patients achieved MRD

negativity and this allowed seven to undergo allogeneic trans-

plantation by the time of publication. Responses were durable

in some patients with four of eight non-transplanted patients

continuing in morphological remission at up to 24 months

follow-up although the survival curves for this cohort are not

yet stable.

Most CD19 CAR trials reported to date are single-arm,

cohort studies with considerable heterogeneity in disease set-

ting, conditioning chemotherapy, cell dose and the way in

which outcomes are reported. A recently published phase 1

dose escalation trial in a cohort of paediatric and young

adult patients predominantly with ALL provides the first

intention-to-treat analysis of its outcomes. This may help

remove the bias inherent in excluding patients who do not

receive the anticipated dose of CAR T cells (Lee et al, 2014).

21 patients were treated with a CD28 domain-containing sec-

ond generation CAR. All but two patients received the antici-

pated T cell dose, highlighting the feasibility of delivering

this treatment to those with refractory or multiply-relapsed

ALL. The efficacy achieved reinforced the impressive

responses seen in the earlier studies mentioned above, with

67% achieving a CR and 60% of those with ALL achieving

MRD negativity. It should be noted that 11 out of 18 evalu-

able patients had CAR T cells in the cerebrospinal fluid

(CSF) and CNS disease was cleared in two patients with

active CNS involvement.

From the available data, response rates in ALL may be sig-

nificantly higher than in NHL or CLL. This may reflect the

inhibitory nature of the tumour microenvironment in NHL

(Yang & Ansell, 2012; Burger & Gribben, 2014), defects in T

cell function in CLL (Christopoulos et al, 2011) and

improved homing of CD19 CAR T cells to the bone marrow

compared with lymph nodes and prior therapy. Additionally,

comparison of the above patient cohorts suggests differences

between the second generation CARs containing 4-1BB and

CD28. Persistence of CD28-containing CAR-transduced T

cells appears shorter (up to 4 months) (Davila et al, 2014)

compared to 4-1BB CAR-transduced T cells, which persisted

for to up to 2 years (Maude et al, 2014). Consistent with this,

B cell aplasia after therapy with the 4-1BB CAR constructs

lasts longer than in patients treated with CD28 domain-con-

taining constructs, where durations of 1–3 months are more

usual. Ultimately, these observations need to be confirmed

and current collaborative studies aim to address this

(NCT004664531). Differences in the kinetics of CAR T cells

may also confer differences in the timing of CRS. This

appears to occur earlier (4–6 d after CAR T cell infusion)

with CD28-containing second generation CARs (Davila et al,

2014) than with 4-1BB containing CARs (Maude et al, 2014).

Summary of clinical studies

Overall, the data suggest that response rates of 50–90% can

be achieved in patients with ALL, but responses may be
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lower in NHL and CLL (see Table I). Responses in patients

with chemorefractory disease are possible, as long as such

patients receive lymphodepletion, a second generation CAR

incorporating a co-stimulatory domain, and a T cell product

generated through short term culture. Whilst manufacture of

a CAR T cell product for each patient is technically challeng-

ing, it is feasible for the majority of patients. There is no

clear relationship between T cell dose and efficacy, as even

very low doses may expand in vivo and mediate anti-tumour

effects. Emerging data suggest responses correlate more with

expansion of CAR T cells (Xu et al, 2013). There are con-

flicting data on whether response rates correlate with disease

burden. In vivo detection of CAR T cells in the blood

appears to be a pre-requisite for response, though persistence

in the blood is variable. Longer follow-up is required to

determine the relationship between CAR T cell persistence

and response durability. In this regard, the goal of CAR T

cell therapy is important: if CAR T cell therapy is used as a

bridge to transplantation, persistence of 1–2 months may be

sufficient. If, on the other hand, CAR therapy is used as a

stand-alone treatment, longer-term persistence is almost cer-

tainly required.

Adverse effects

B cell aplasia

This ‘on-target, off-tumour’ effect is seen both in murine

models (Davila et al, 2013) and in patients. The duration of

B cell aplasia is variable depending on the construct used, as

discussed above. Indeed, the absence of circulating B cells

appears to be a useful surrogate of the persistence of CD19

CAR T cells. Ideally, CAR T cells should persist long enough

to mediate durable eradication of disease but then allow

recovery of normal B cells. Persistent B cell aplasia could

result in increased risk of infection, however, long-term

immune globulin replacement can mitigate infectious com-

plications, as evidenced by patients with X-linked Bruton

agammaglobulinaemia.

Cytokine release syndrome

Cytokine release syndrome encompasses a range of inflam-

matory symptoms ranging from mild ‘flu-like symptoms to

multi-organ failure with hypotension and respiratory fail-

ure. Some degree of CRS occurs commonly in patients

treated with CD19 CAR T cells. The frequency of severe

CRS is unclear, as diagnostic criteria were lacking until

recently, but appears to be approximately 30% (21/73)

patients treated in recent cohorts (see Table I). CRS has

also been seen in patients treated with blinatumomab, a

bi-specific recombinant single-chain antibody recognizing

both CD19 and CD3. CRS typically occurs 5–21 d after

CAR T cell infusion and the currently available data sug-

gests its severity is proportional to tumour load (Brentjens

et al, 2011; Davila et al, 2014; Maude et al, 2014). Whether

the severity of CRS correlates to anti-tumour efficacy is

not established – many patients with mild CRS show effec-

tive anti-tumour responses. The Sloane-Kettering group

have retrospectively shown the utility of C-reactive protein

and documentation of a fever of 38°C for more than

3 days in predicting severe CRS requiring therapy with

tocilizumab (Davila et al, 2014). They also formulated

diagnostic criteria for severe CRS (see Table II). Such cri-

teria need to be validated prospectively, but may help

identify patients needing targeted therapy with simple labo-

ratory parameters.

In patients with frank leukaemic relapse, CRS can be

life threatening and require high dependency care. CRS is

associated with elevated serum cytokine levels, but levels

may not correlate with clinical severity. The cytokines most

significantly elevated are IL6, IL10 and interferon gamma

(IFNc). Some clinical manifestations of severe CRS (fever,

hepatosplenomegaly, coagulopathy and hyperferritinaemia)

overlap with macrophage activation syndrome, suggesting

common immunopathological processes are involved. In

those developing severe CRS, it seems the peak of IL6 lev-

els coincides with maximal expansion of the transferred T

cells (Davila et al, 2014). An association between the sever-

ity of CRS and expansion of CAR T cells, as well as

response has been suggested (Brentjens et al, 2011; Koc-

henderfer et al, 2013; Davila et al, 2014; Lee et al, 2014;

Maude et al, 2014). At present it is not clear which cell

type (CAR T cells, dying tumour cells, or locally-activated

macrophages) are responsible for production of the key

cytokines, particularly IL6. These questions warrant further

investigation.

Therapies given to ameliorate CRS include corticosteroids,

but there is concern that by dampening T cell function and

proliferation, even short courses may limit the therapeutic

efficacy (Brentjens et al, 2013; Davila et al, 2014). Other

potential therapeutic targets include the pro-inflammatory

cytokines IL6 and IFNc. A commercially-available blocking

antibody to the IL6 receptor, Tocilizumab, appears highly

effective in treating severe CRS, allowing a de-escalation of

organ support within days (Grupp et al, 2013; Davila et al,

2014). In contrast to steroid therapy, tociluzumab may not

prevent the expansion of CAR T cells in vivo (Davila et al,

2014).

Whether interruption of the cytokine cascade leads to

abrogation of anti-tumour effects remains unclear and, at

present, the optimal timing of targeted therapy is not estab-

lished. Currently, tocilizumab is generally withheld until

established organ dysfunction in case the cytokine storm is

critical for supporting maximal T cell expansion.

Neurotoxicity

A number of patients in CD19 CAR studies across institutions

have developed transient neurotoxicity with a spectrum of
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severity from aphasia to obtundation, delirium and seizures

(Davila et al, 2014). This appears to be restricted to patients

with ALL and a similar syndrome has been documented after

blinatumomab therapy. Brain imaging appears normal, CSF

may show lymphocytosis, at least partly contributed to by

CAR T cells (Davila et al, 2014). Interestingly, trafficking to

the CSF has been seen in patients without overt CNS disease.

Whether neurotoxicity reflects systemic cytokines crossing the

blood-brain barrier or cross-reactivity of CAR T cells with a

target in the CNS has yet to be defined, but it appears to

resolve spontaneously without specific therapy.

Future directions

Strategies to improve safety (Fig 3)

Suicide genes. A ‘suicide gene’ allows an engineered T-cell to

be selectively deleted in the patient in the face of unaccept-

able toxicity. Various strategies exist: T cells can be engi-

neered to express viral thymidine kinase, rendering them

susceptible to thymidine kinase inhibition following adminis-

tration of ganciclovir (Bonini et al, 1997). However, this

approach has been hampered by immune responses against

the herpes simplex-derived thymidine kinase (Traversari

et al, 2007), leading to unintended clearance of transduced T

cells in some cases. Expression of inducible caspase (Straathof

et al, 2005; Di Stasi et al, 2011) or Fas (Thomis et al, 2001)

leads to highly efficient induction of cell death after adminis-

tration of a synthetic dimerization agent. Expression of sur-

face proteins that render T-cells susceptible to existing

therapeutic agents e.g. rituximab (Philip et al, 2014), or

cetuximab (Wang et al, 2011) have also been described and

are now being tested clinically.

Suicide gene therapy strategies may be useful in switching

off long term ‘off tumour’ toxicities, such as prolonged B cell

aplasia, but may be less appropriate for mitigating acute tox-

icities, such as CRS, because early CAR T cell ablation is

likely to compromise therapeutic benefit.

Inducible CAR expression. Instead of permanent CAR T cell

ablation, ideally what is needed is a mechanism to regulate

CAR expression in a real-time, inducible manner. While drug-

inducible transgene expression systems have been extensively

used in vitro, this technology is not easily translatable as it

often relies on xenogeneic transcriptional activators e.g. in the

tetracycline-regulated (Tet) gene expression systems (Gossen

et al, 1995). Other strategies in development include mRNA

control of CAR transgene expression (Chen et al, 2010) or

inclusion of protein degradation domains within the CAR

transgene causing conditional degradation of the CAR (Bonger

et al, 2011). Developing these inducible CAR expression sys-

tems represents one of the major challenges for the future in

this field but holds the promise of enabling clinicians to switch

CAR expression on and off as clinically indicated.

Strategies to improve efficacy (Fig 3)

Polyspecific CAR T cell immunotherapy. In some cases, fail-

ure of CD19 CAR T cell therapy has been associated with

development of a CD19� tumour clone. How much of a

problem this will be is not clear but it has also been noted in

patients treated with blinatumomab (Portell et al, 2013). The

risk of antigen escape may be reduced if tumour antigens

that are essential for survival/proliferation are targeted.

Another approach is to engineer T cells to recognize multiple

disease-specific B-cell antigens e.g. CD22, CD20 or ROR1.

This can be achieved in a number of ways: from designing

multiple recognition sites on the same CAR, expression of a

number of CARs on the same cell using multi-cistronic vec-

tors, or transducing independent T cell populations with

CARs of different specificities. If the technical challenges can

be overcome, a multiplexed CAR design may be the most

practical approach and proof of principle for this has been

established (Grada et al, 2013). More exciting still is the pos-

sibility of restricting CAR T-cell activation to combinations

of antigen expression. Most antigens expressed on tumours

are also expressed on normal tissues, however, it is possible

to much better define tumour populations by combinations

of antigens: either the presence of two antigens together, or

the presence of one antigen and the absence of another (Fe-

dorov et al, 2013, 2014; Kloss et al, 2013).

Strategies to improve efficacy (Fig 3)

Overcoming inhibition by the tumour microenviron-

ment. Tumours are well adapted to overcome productive

immune responses with multiple mechanisms for preventing

effective T cell persistence, trafficking into tumour and main-

tenance of functional activity. The importance of co-inhibi-

tory signals in dampening productive immune responses in

the setting of solid organ malignancies, e.g., renal cell carci-

Table II. Suggested diagnostic criteria for severe cytokine release

syndrome following CAR T cell therapy.

Fever for ≥3 d

Maximal elevation of serum cytokines (of 2 cytokines by ≥75-fold, or
of a single cytokine by ≥250-fold)

At least one clinical manifestation of cytokine release syndrome:

Hypotension, requiring intravenous vasopressor therapy

Hypoxia (pO2 < 90%)

Neurological disturbance including delirium, obtundation, seizures

Source: Davila, M.L., Riviere, I., Wang, X., Bartido, S., Park, J.,
Curran, K., Chung, S.S., Stefanski, J., Borquez-Ojeda, O., Olszewska,
M., Qu, J., Wasielewska, T., He, Q., Fink, M., Shinglot, H., Youssif,
M., Satter, M., Wang, Y., Hosey, J., Quintanilla, H., Halton, E., Bernal,
Y., Bouhassira, D.C., Arcila, M.E., Gonen, M., Roboz, G.J., Maslak, P.,
Douer, D., Frattini, M.G., Giralt, S., Sadelain, M. & Brentjens, R.
(2014) Efficacy and toxicity management of 19-28z CAR T cell therapy
in B cell acute lymphoblastic leukemia. Science Translational Medicine,
6, 224ra25. Adapted with permission from The American Association
for the Advancement of Science (AAAS).
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noma, have been highlighted by the regression of advanced

tumours upon blockade of signalling through the PD-1/PD-

L1 axis and CTLA4. Studies are already underway to com-

bine immune checkpoint blockade (Fig 3) using monoclonal

antibodies blocking PD-1 and CTLA4 signalling with CAR T

cell therapy (NCT00586391). Solutions engineered into the

CAR T-cell have also been proposed: these include engineer-

ing T cells with chimeric receptors providing activatory sig-

nals upon engagement of inhibitory ligands such as

programmed death-ligand1 (PD-L1, CD274) (Prosser et al,

2012) or dominant negative TGF-b receptors (Bollard et al,

2002). In the future, genomic editing of CAR-transduced T

cells may be used to confer resistance to immunosuppressive

molecules secreted by the tumour.

Conclusions

CD19 CAR T cells have yielded unprecedented responses

across a broad range of B cell malignancies, allowing salvage

of cases refractory to conventional chemotherapy or SCT.

Because tumour recognition is independent of both HLA

restriction and the genetic basis of the tumour, this approach

is broadly applicable. Nonetheless, much work remains to

maximize efficacy and limit toxicity. The optimal CAR design

and effector T cell populations need to be defined, as does the

durability of clinical responses. These issues are being

addressed in current clinical studies. Future developments in

CAR design may overcome antigenic escape and inhibition by

the tumour microenvironment, whilst inducible or combina-

torial CAR strategies may limit toxicity. Whether long-term

toxicity is seen from CD19 CAR T cell therapy and how this

compares to the toxicity of standard therapy remains to be

determined as the data from on-going clinical studies mature.

This will be particularly relevant in the paediatric setting.

In coming years, it will be critical to determine the optimum

position of CAR T cell therapy in relation to existing treat-

ments. Whether CAR T cells are best employed in frank relapse

or to deepen remissions; whether as a bridge to transplant or a

stand-alone therapy needs to be defined. These questions will

require appropriately powered, well-designed studies in dis-

ease-specific cohorts, ideally based on intention-to-treat analy-

ses. If responses are prolonged without further therapy, it is

possible that in some disease cohorts CD19 CAR T cells therapy

may replace SCT with its attendant toxicity and cost. Similarly,

it will be important to determine the role of CD19 CAR T cells

in relation to alternative emerging immune therapies, such as

the bi-specific T cell engaging (BiTE) antibody, blinatumomab.

A priori the potential advantage of CAR T cells is the long-term

immune surveillance whereas BiTE antibodies are cleared from

the circulation, but improved durability has yet to be formally

demonstrated. Ultimately, optimal treatment protocols may

employ sequential or combination immunotherapies (Fig 3)

Fig 3. Strategies to improve chimeric antigen receptor (CAR) T cell therapy. There are many potential strategies to improve current CAR T cell

therapies, aimed at either increasing CAR T cell efficacy or safety, often through additional genetic modifications. Ultimately, judicious combina-

tions of anti-cancer immunotherapies may allow improved efficacy in the face of more moderate toxicity.
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targeting different tumour antigens to prevent antigenic escape

(e.g. epratuzumab and CD19 CAR T cells).

The biggest barrier to implementation of CAR T cell ther-

apy is the complexity and prohibitive cost of generating

patient-specific cellular therapies. Whilst localized production

is feasible in current models, capacity is limited. Even with

considerable commercial investment in this area, it will take

time to build the infrastructure required to make this ther-

apy available to large numbers of patients.

After more than 20 years in development, CAR T cell

therapy is poised to enter the main stream. This represents a

triumph of scientific progress. More broadly, this approach

may be the beginning of a new era in cancer therapy, where

we move from the sledgehammer approach of chemotherapy

to engineered, personalized cell therapy with targeted speci-

ficity and memory.
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