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The ability to harness a patient’s immune system to
target malignant cells is now transforming the treatment
ofmany cancers, including hematologicmalignancies. The
adoptive transfer of T cells selected for tumor reactivity
or engineered with natural or synthetic receptors has
emerged as an effective modality, even for patients with
tumors that are refractory to conventional therapies. The
most notable example of adoptive cell therapy is with
T cells engineered to express synthetic chimeric anti-
gen receptors (CARs) that reprogram their specificity
to target CD19. CAR T cells have shown remarkable

antitumor activity in patients with refractory B-cell ma-
lignancies. Ongoing research is focused on understand-
ing the mechanisms of incomplete tumor elimination,
reducing toxicities, preventing antigen escape, and
identifying suitable targets and strategies based on
established and emerging principles of synthetic biology
for extending this approach to other hematologic ma-
lignancies. This review will discuss the current status,
challenges, and potential future applications of CAR T-cell
therapy in hematologic malignancies. (Blood. 2018;
131(24):2621-2629)

Introduction
The observation that tumor regression can be mediated by
adoptive transfer of major histocompatibility complex (MHC)–
restricted ab T cells that recognize tumor-associated self-
antigens, viral antigens, minor histocompatibility antigens, or
neoantigens has fueled interest in developing adoptive cell
therapy (ACT) for cancer.1-8 However, the technical challenges of
isolating and expanding T cells of defined specificity and MHC
restriction from each patient have heretofore limited ACT to
proof-of-principle studies. These obstacles have been overcome
by the ability to modify T cells by transferring genes encoding
synthetic chimeric antigen receptors (CARs) that redirect spec-
ificity to a cell-surfacemolecule in a non–MHC-restricted fashion.
Genetically engineered cellular medicines have remarkable
potency, and the use of CAR T cells that target CD19 recently
received US Food and Drug Administration (FDA) approval for
treating advanced acute lymphoblastic leukemia (ALL) and non-
Hodgkin lymphoma (NHL).9,10

CAR design and T-cell engineering
CARs are expressed from a fusion gene that encodes a single-
chain variable fragment (scFv) of a monoclonal antibody as a tar-
geting domain, linked via spacer and transmembrane sequences
to a signaling module. The first generation of CARs was designed
with only the CD3z chain to mimic natural T-cell receptor (TCR)
signaling.11 T cells expressing such CARs lysed target cells but
proliferated poorly and proved ineffective in clinical trials.12-14

Second- and third-generation CARs incorporated $1 intracellular
signaling domains from costimulatory molecules such as CD28,

4-1BB, or OX40 in tandem with CD3z. Consistent with the role of
costimulation in T-cell activation, these CARs markedly augmented
T-cell cytokine production and proliferation.15-18 However, it should
be noted that in current CAR designs, signal 1 is only provided by
the CD3z chain, and costimulation delivered through a CAR differs
structurally and temporally from that provided by natural ligand/
receptor interactions (Figure 1). The effect of these differences in
signaling on T-cell fate and function remains to be fully elucidated.
CARs that contain 4-1BB/CD3z or CD28/CD3z signaling domains
have been evaluated in clinical trials, but different gene delivery
vectors, T-cell product composition, lymphodepletion regimens,
and patient characteristics have precluded definitive comparison
of theefficacy, toxicity, persistence, and functionof T cells expressing
these constructs.

The CAR transgene is usually introduced randomly into the
cellular genome by g retroviral or lentiviral transduction and
transcribed off of viral or mammalian promoters in the construct.
Targeted integration of the CAR into defined genomic loci under
control of endogenous promoter elements has been achieved in
preclinical studies and can provide more homogeneous ex-
pression of the CAR and improve therapeutic efficacy.19 Most
commonly, unselected T cells are transduced after activation
with mitogenic antibodies and expanded briefly in interleukin-2
(IL-2) alone or with other g chain cytokines before reinfusion.
Because T cells consist of CD4 and CD8 subsets, each of which
are subdivided into naı̈ve (TN), central and effector memory
(TCM/TEM), tissue resident memory, and effector subsets, this
approach can lead to considerable heterogeneity in the CAR
T-cell product. Preclinical models and data from clinical trials
suggest that transducing less differentiated T cells or having
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greater numbers of TN or TCM in the product results in superior
persistence and function in vivo.20-22 Therefore, some groups
have selected defined subsets or virus-specific memory T cells
for genetic modification or employed culture conditions that
promote the outgrowth of TN or TCM phenotype cells.23-25

Introducing CARs into virus-specific T cells has theoretical
advantages because cell persistence could be maintained by
physiologic antigen recognition, but a potential caveat is that
simultaneous TCR and CAR engagement may promote T-cell
exhaustion and apoptosis.26,27 Gene editing is also being used to
delete the TCR and other endogenous genes to prepare allogeneic
off-the-shelf CAR T cells that at least transiently engraft across MHC
barriers in severely immunocompromised hosts. This approach was
used successfully to target CD19 butwas associatedwithmild graft-
versus-host diseasemediated by residual unedited TCR1 cells in the
product.28 Natural killer (NK) cells andNK T cells can bemodified to
express CARs, and these cell types may also be suited for off-the-
shelf administration.29,30 Thus, manipulating cell product compo-
sition is a fertile area of research to improve potency and reduce
toxicity, and future applications of synthetic biology are likely to
include engineering cell subsets that confer advantages in particular
clinical settings.

Lessons from targeting B-cell
malignancies with CD19 CAR T cells
B-cell tumors are ideal to target with CAR T cells because they
express lineage-specific molecules such as CD19, CD20, and
CD22 that are not expressed on other tissues. CD19 CAR T cells
have proven to be highly effective for treating several types of
B-cell malignancies and recently received FDA approval for
children and young adults with relapsed or chemotherapy-
refractory (R/R) ALL and for adults with R/R NHL.9,10 The re-
sults of clinical trials targeting CD19 have been instructive for
understanding the limitations of this new modality and the
challenges for extending this approach to other targets and
tumor types.

ALL
Chemotherapy is highly effective in childhood ALL, but the
outcome for adult patients and the subset of children who
relapse remains poor.31,32 Several single-institution studies
have evaluated treatment of R/R ALL with CD19 CAR T cells

containing either a 4-1BB/CD3z or CD28/CD3z signaling do-
main and demonstrated complete remission (CR) rates of 70% to
93%25,33-36 (Table 1). The treatment regimen included lympho-
depleting chemotherapy, usually consisting of cyclophospha-
mide (Cy) alone or Cy and fludarabine (Cy/Flu), before the
IV administration of CAR T cells. Lymphodepletion reduces en-
dogenous lymphocyte numbers, thereby increasing availability
of homeostatic cytokines that promote the survival of transferred
T cells.37,38 The necessity for lymphodepletion and the optimal
regimen have not been systematically studied; however, the CR
rate and duration of CAR T-cell persistence were superior with
Cy/Flu compared with Cy alone.25,36 CR rate is not affected by
tumor burden; however, patients with high numbers of leukemic
blasts have greater toxicity, which in one study could be miti-
gated by infusing a lower CAR T-cell dose without compromising
efficacy.36

The ELIANA multicenter pivotal trial of 4-1BB/CD3z CAR T cells
for relapsed ALL in children and young adults enrolled 88 pa-
tients, and 68 received CAR T cells.9 The CR rate in treated
patients was 83%, and the relapse-free probability at 12 months
among responders was 64%. These results provided the basis for
the first FDA-approved T-cell therapy and a major breakthrough
in the ACT field.

NHL
CD19 CAR T cells have also been effective for treating patients
with R/R B-cell NHL, including patients who relapsed after mye-
loablative autologous hematopoietic stem-cell transplantation.
Case reports and single-center trials with CD28/CD3z or 4-1BB/
CD3z CAR T cells demonstrated antitumor activity in follicular
lymphoma, transformed follicular lymphoma, diffuse large B-cell
lymphoma, and primary mediastinal B-cell lymphoma, and
outcomes compared favorably with those of alternative salvage
regimens21,39-43 (Table 2). A multicenter phase 2 trial, which led
to FDA approval, administered CD28/CD3z CAR T cells to 101
patients with R/R NHL and reported objective response and
CR rates of 82% and 54%, respectively, and an overall survival at
18 months of 52%.10

CLL
The investigation of CD19 CAR T cells in chemotherapy-
refractory chronic lymphocytic leukemia (CLL) progressed
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Figure 1. CAR design. (A) Schematic of TCR and cos-
timulatory molecule expression on T cells. (B-C) Synthetic
single-chain receptors designed to deliver modified signal
1 and signal 2 in an scFv/CD28/CD3z (B) or scFv/4-1BB/
CD3z format (C).
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slower than in ALL and NHL because of the efficacy of novel
agents such as ibrutinib, idelalisib, and venetoclax.44-47 An early
trial reported CR in 2 of 3 patients with R/R CLL after treatment
with 4-1BB/CD3z CAR T cells.48 In a follow-up report, 8 of 14
patients in this trial responded to CAR T cells, including 4 pa-
tients who achieved a minimal residual disease–negative CR by
deep sequencing for the clonal immunoglobulin H rearrange-
ment. Turtle et al49 reported 24 patients treated with 4-1BB/
CD3z CAR T cells, including 22 patients who had progressed
on ibrutinib or were ibrutinib intolerant. Overall response and
CR rates by International Workshop on Chronic Lymphocytic
Leukemia criteria were 74% and 21%, respectively. Fifty-eight
percent of patients who had deep sequencing of bone marrow
samples after therapy had no malignant immunoglobulin H
sequences detected. These data demonstrate that CAR T cells
have efficacy and perhaps curative potential in patients with CLL
for whom chemoimmunotherapy, ibrutinib, and venetoclax have
failed.49 Defining a role for CAR T cells earlier in CLL therapy will
require mitigating toxicities of CAR T cells.

Toxicities of CD19 CAR T cells
Infusion of CD19 CAR T cells is a disruptive approach that is
changing treatment paradigms for B-cell malignancies, but

unique toxicities such as cytokine release syndrome (CRS)
and neurotoxicity occur frequently.50 The clinical features and
pathogenesis of these complications continue to be the subjects
of intense research to assist in defining effective prevention and
treatment strategies.51-53

CRS
The onset of CRS coincides with activation and proliferation of
CAR T cells in vivo and typically occurs within the first few days
after T-cell infusion. CRS is characterized by a spectrum of
symptoms that are mild in a majority of patients but can be
severe, with high fevers, hypotension, tachycardia, capillary leak
syndrome, respiratory compromise, and coagulopathy. Serum
cytokines including interferon-g, IL-6, IL-8, monocyte chemo-
attractant protein-1 (MCP-1), and macrophage inflammatory
protein 1b and acute phase reactants such as C-reactive pro-
tein and ferritin are commonly elevated after the infusion of
CAR T cells, indicative of a marked systemic inflammatory
response.25,33-36,42,49,53 Rarely, patients will develop fulminant
hemophagocytic lymphohistiocytosis.54 Risk factors for CRS in-
clude high tumor burden, higher numbers of CD191 cells in the
bone marrow, pretreatment thrombocytopenia, and higher CAR
T-cell dose.53 CRS is currently treated by the administration of
tocilizumab to block systemic effects of IL-6 and dexamethasone

Table 1. Phase 1/2 trials of autologous CD19-targeted CAR T cells for patients with R/R ALL

Reference No. of patients treated CAR construct CAR T-cell dose or dose range CR rate, %/MRD2 CR, %

33 16 (adults) CD19scFv*/CD28/CD3z 3 3 106/kg 88/75

34 30 (25 CAYA; 5 adults) CD19scFv/4-1BB/CD3z 0.76 3 106/kg to 20.6 3 106/kg 90/78.5

35 21 (CAYA) CD19scFv/CD28/CD3z 2.8 3 104/kg to 2 3 106/kg 70/60

36 30 (adults) CD19scFv/4-1BB/CD3z 2 3 105/kg to 2 3 107/kg (CD4:CD8, 1:1) 97/93

25 43 (CAYA) CD19scFv/4-1BB/CD3z 0.5 3 106/kg to 1 3 107/kg (CD4:CD8, 1:1) 93/93

9† 68 (CAYA) CD19scFv/4-1BB/CD3z 0.2 3 106/kg to 5.4 3 106/kg 83/83

CAYA, children and young adults; MRD, minimal residual disease.

*CD19 scFv is derived from the murine monoclonal antibody (mAb) SJ25-C1; CD19 scFv in the other studies is from the murine mAb FMC-63.

†Multicenter trial.

Table 2. Selected phase 1/2 trials of autologous CD19-targeted CAR T cells for patients with R/R NHL

Reference No. of patients treated CAR construct CAR T-cell dose or dose range
ORR, %/

CR rate, %

21 DLBCL (13), TFL (4), FL (2), PMBL (2),
MCL (1)

CD19scFv/CD28/CD3z 1 3 106/kg to 6 3 106/kg 73/55

41 DLBCL (2), TFL (2), PCNSL (1) CD19scFv/CD28/CD3z and
CD19scFv/CD3z

2 3 107/m2 to 2 3108/m2 0/0

42 DLBCL (11), TFL (10), FL (5), MCL (4) CD19scFv/4-1BB/CD3z 2 3 105/kg to 2 3 107/kg
(CD4:CD8, 1:1)

63/33

43 DLBCL (14), FL (14) CD19scFv/4-1BB/CD3z 2 3 105/kg to 2 3 107/kg 64/57

10 DLBCL (77), PMBCL (8), TFL (16) CD19scFv/CD28/CD3z 2 3 106/kg 82/54

DLBCL, diffuse large B-cell lymphoma; FL, follicular lymphoma; MCL, mantle cell lymphoma; ORR, overall response rate; PCNSL, primary central nervous system lymphoma; PMBL, primary
mediastinal B-cell lymphoma; TFL – transformed follicular lymphoma.
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to inhibit cytokine production by activated CAR T and other
immune cells. Studies of the pathogenesis of CRS are necessary
to identify new approaches to intercede that do not inhibit
antitumor effects of CAR T cells.

Neurotoxicity
Neurologic symptoms including headache, delirium, aphasia,
focal neurologic deficits, seizures, and loss of consciousness are
frequently observed in patients treated with CD19 CAR T cells,
concurrently with or after CRS. Symptoms usually resolve over
time, although rare patients have developed fatal cerebral
hemorrhage or edema.50,52 Risk factors for neurotoxicity include
high tumor burden or CAR T-cell dose, CRS, and preexisting
neurologic abnormalities.52 Neurotoxicity is associated with
endothelial activation, disseminated intravascular coagulation,
and increased blood-brain barrier permeability.52 A pre-
dictive algorithm based on the presence of fever and high
serum IL-6 and MCP-1 concentrations has been developed to
identify patients within the first 36 hours after CAR T-cell
infusion who are at high risk of subsequent severe neuro-
toxicity and might be candidates for testing novel strategies
to prevent neurotoxicity.52

B-cell aplasia
The elimination of normal B cells is an expected on-target ad-
verse effect of targeting CD19. Transient or prolonged loss of
normal B cells is well tolerated, and B cells recover eventually in
most patients when the number of CAR T cells declines. Vector
designs that include a mechanism to accelerate elimination of
CAR T cells have been developed, including coexpression of a
cell-surface truncated epidermal growth factor receptor down-
stream of a T2A ribosomal skip element that can be targeted
by cetuximab. In preclinical models, cetuximab administration
eliminated CD19 CAR T cells and restored B-cell numbers
without leukemia relapse.55 This approach could be applied to
patients who achieve durable remission of their malignancy and
have persistent B-cell aplasia.

Mechanisms of tumor escape from
CAR T cells
Despite the high initial response rate with CD19 CAR T cells in
ALL, relapses occur in a significant fraction of patients.9,25,34-36

Relapse with CD191 leukemia cells can be the result of short in
vivo persistence of CAR T cells, either from intrinsic deficiencies
of the T-cell product or an immune response to the CAR scFv.36

In cases where CAR T cells persist, relapse with leukemia blasts
that express little or no surface CD19molecules can occur. Some
CD192 relapses result from the outgrowth of leukemia cells that
express a splice variant of CD19 that lacks the epitope targeted
by the scFv.56

The overall response rate to CD19 CAR T cells in NHL is 70% to
80%, but the CR rate is much lower than that observed in
ALL.10,42,43 As with ALL, poor CAR T-cell proliferation and in vivo
persistence correlate with incomplete response, and CD19 loss
variants have been observed. Additional mechanisms for in-
complete tumor eradication are likely operative in NHL. Some
tumors express PD-L1 and/or possess cells in the tumor mi-
croenvironment that can inhibit the proliferation and effector
function of CAR T cells.57,58 Targeting these pathways with

combination therapies may improve outcome. Alternative
strategies to improve efficacy include selecting more effective
T-cell subsets during CAR T-cell production and engineering
CAR T cells to provide additional costimulatory signals such as
4-1BBL or secrete cytokines such as IL-12 that alter the tumor
microenvironment.59,60 Ongoing studies to interrogate the
mechanisms of incomplete responses to CAR T cells are needed
to inform combination strategies that improve responses.

Alternative target antigens in
B-cell malignancies
CD19 is an ideal target for CAR T cells because it is expressed
uniformly at high site density on B-cell malignancies and is not
shed as a soluble molecule. However, targeting a single antigen
in cancer is fraught with the potential for antigen loss variants to
emerge. There are alternative cell-surface molecules on B-cell
tumors that have been targeted with CAR T cells, including
surface immunoglobulin light chain, CD20, and CD22. A phase 1
trial evaluated CD28/CD3z immunoglobulin k light chain–
specific CAR T cells in 16 patients with NHL, CLL, or multiple
myeloma and reported CR in 2 patients with NHL and partial
responses or stable disease in 6 other patients.61 CD20 has been
targeted with a third-generation CD28/4-1BB/CD3z CAR, and
transient responses were observed in 3 of 4 patients, despite use
of a suboptimal nonviral method for T-cell transduction.62 4-1BB/
CD3z CD22-specific CAR T cells were also used to treat 21
patients with R/R ALL.63 CD19 CAR T cells had failed in 15 of
these patients, and 9 had leukemic blasts that were CD192 or
dim. CD22 CAR T cells expanded in the blood of treated patients
to peak levels that were similar to those reported for CD19 CAR
T cells. Overall, 12 (57%) of 21 patients achieved CR, including
11 of 15 patients treated at CAR T-cell doses of .1 3 106/kg.63

Three patients remained in CR for .6 months, but 7 patients
relapsed, with tumor cells that had diminished surface expres-
sion of CD22. The antitumor effects of CAR T cells specific for
CD19, immunoglobulin light chain, CD20, and CD22 individu-
ally suggest that targeting multiple molecules simultaneously
might increase the frequency of patients achieving durable re-
missions without adding to toxicity.

Multivalent targeting could be accomplished by transducing
separate aliquots of T cells with CARs specific for different target
molecules, by transducing 1 aliquot of T cells to express .1 CAR,
by using separate viral vectors or a single multicistronic construct64

or by designing vectors that encode a bispecific or multispecific
CAR in a single-chain format.65,66 Formulating separate T-cell
products increases the cost of manufacturing, and introducing .1
CAR into T cells has the potential to alter signaling in unforeseen
ways. Bispecific CARs for CD19/CD20, CD19/CD123, and CD19/
CD22 have been designed and are effective in preclinical
models.63,65,66 However, achieving the optimal stoichiometry of
antigen binding on tumor cells can be challenging. Another ap-
proach is to transduce T cells with a universal CAR that recognizes a
short peptide tag that can be incorporated into scFvs or full-length
antibodies that could serve as a targeting module that binds to
and sensitizes tumor cells for recognition by CAR T cells.67,68 This
strategy may require repeated infusion of tagged scFvs or anti-
bodies to ensure complete tumor destruction, but it has the po-
tential advantage of limiting serious toxicities because of the shorter
half-life of the targeting module.67,68
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CAR T cells for other
hematologic malignancies
New strategies that employ synthetic biology for altering cell
specificity and function are rapidly evolving and will be neces-
sary to meet the challenges in extending CAR T cells to other
hematologic cancers where target antigens are not always readily
identified. Novel CAR designs, gene editing, chimeric chemokine
receptors, chimeric costimulatory receptors, and logic-gated and
multispecific receptors represent just a few of the tools being
developed to augment efficacy and broaden the utility of ACT in
cancer, autoimmunity, and transplantation69-78 (Figure 2). Amajority
of these strategies have only been evaluated in preclinical models
but have promise for clinical applications.

T-cell malignancies
The development of CAR T cells for T-cell malignancies is more
challenging than for B-cell malignancies, because candidate target
antigens are also expressed on normal T cells. Thus, to avoid
fratricide, it is necessary to combine gene editing to abrogate
expression of the target molecule on T cells that are engineered to
express the CAR. CD7 is expressed in T-cell leukemia, and CRISPR/
Cas9-mediated editing has been used to delete CD7 in primary
T cells before transduction with a CD7-specific CAR.79 Edited CD7-
specific CAR T cells are functional and mediate antitumor activity in
preclinical models. A limitation of this approach not yet adequately
addressed in the preclinical models is the expected elimination of
normal CD71 T and NK cells and their progenitors, which would
compromise host immunity. Persisting CAR T cells could potentially
provide some immune function through their endogenous TCR;
however, repertoire diversity would be constrained, and CAR ex-
pression may adversely affect TCR signaling.26

Rather than targeting a lineage-specific molecule on all T cells,
an innovative alternative is to employ a CAR specific for only
1 TCR b chain constant region (TCRBC), analogous to targeting
either k or l immunoglobulin light chains in B-cell malignancies.
Two highly homologous genes (Cb1 and Cb2) encode TCRBCs,
and they are expressed in a mutually exclusive manner. The
clonal nature of T-cell malignancies means that the tumor will
express either TCRBC1 or TCRBC2, whereas the normal T-cell
compartment contains a significant quantity of T cells expressing
either TCRBC. Thus, if a CAR targeted only the TCRBC ex-
pressed by the malignant T cells, this would not damage the
normal T cells that express the alternative TCRBC. By screening
anti-TCR antibodies, Maciocia et al80 identified an scFv that se-
lectively bound to TCRBC1, with specificity determined by

2 adjacent amino acid residues that differ between TCRBC1 and
TCRBC2. Only TCRBC21 CAR T cells grew out from cultures
transduced with a CD28/OX40/CD3z CAR constructed from this
scFv, and these CAR T cells specifically recognized TCRBC11 T-cell
leukemia and lymphoma cells in vitro and in xenograft models in
immunodeficient mice.80 This approach holds promise for targeted
immunotherapy of the subset of T-cell malignancies that express
TCRBC1 without compromising the entire T-cell compartment.

HL and ALCL
CD30 (TNFRSF8) is a member of the tumor necrosis factor re-
ceptor superfamily expressed at high levels in Hodgkin lym-
phoma (HL) and anaplastic large-cell lymphoma (ALCL) and on
activated T and B cells. Clinical trials of an antibody-drug conjugate
(brentuximab) targeting CD30 have shown antitumor activity in HL
without toxicity to normal T or B cells, suggesting CD30 is a can-
didate target for CAR T cells. Wang et al81 described results of
18 patients with HL treated with autologous T cells engineered to
express a 4-1BB/CD3z CD30 CAR. Treatment was well tolerated,
and 7 of 18 patients achieved a partial response. Ramos et al82

treated 7 patients with HL and 2 patients with ALCL with T cells
expressing a CD28/CD3z CD30 CAR. No toxicity was observed,
and 3 of the 9 patients achieved CR, with 2 remaining in CR .24
months. These studies demonstrate that targeting CD30 with CAR
T cells is safe and can have antitumor activity in CD301 malig-
nancies. As with B-cell NHL, analysis of resistance mechanisms is
essential to design strategies that would improve outcomes.

Multiple myeloma
Multiple myeloma responds initially to immunomodulatory
agents, proteasome inhibitors, and monoclonal antibodies, but
relapse is inevitable, and curative therapy remains elusive. ACT
is an attractive approach, but administration of myeloma-
infiltrating lymphocytes or NY-ESO-1 TCR-engineered T cells
after autologous stem-cell transplantation did not show de-
finitive evidence of antitumor efficacy.83,84 An early effort to treat
myeloma with CAR T cells targeting CD19 resulted in a pro-
longed remission after autologous stem-cell transplantation in a
single case report.85 However, the rarity of CD19 expression on
myeloma and the uncertain mechanism for eradication of
antigen-negative tumor cells suggest the need to define better
target molecules.85 CD38 and SLAMF7 have been successfully
targeted with monoclonal antibodies,86-88 and CARs specific
for these molecules showed activity in preclinical models.89,90

However, CD38 is expressed on other hematopoietic cells and
some nonhematopoietic cells, and SLAMF7 is expressed on

New target molecules
(CD30, SLAMF7, BCMA, CD123, others)

Gene editing (CRISPR/Cas; TALEN)

Smart CARs (Logic gated; regulated)

Chimeric Costimulatory Receptors
(PD-1/CD28; CD200R/CD28)

Bi-specific/multi-specific CARs

CAR cells that secrete 
immunomodulatory molecules

Combination of immunomodulatory
drugs with CAR T cells

Off-the-shelf CAR engineered cells

CAR TOOLBOX

Figure 2. CAR toolbox. Toolbox of applications in syn-
thetic biology that may extend and enhance the efficacy
and safety of ACT.
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activated T cells, raising concern that CAR T cells targeting these
molecules may be toxic in the clinic.

The tumor necrosis factor receptor family member BCMA, which is
a receptor for BAFF and APRIL, is at present the most attractive for
CAR T cells in myeloma. BCMA is expressed on both plasma cells
and myeloma cells but is absent on normal tissues.91-93 Seckinger
et al94 reported surface BCMAexpression in 100%of untreated and
relapsedpatientswithmyeloma.94Apotential limitation of targeting
BCMA is that it is cleaved by g secretase in myeloma cells, leading
to variation in surface expression and increased levels of soluble
BCMA that can inhibit CAR recognition.95 Despite this limitation,
BCMACARs have demonstrated significant clinical efficacy in initial
clinical trials. Kochenderfer et al96 treated 12 patients using un-
selected T cells engineered with a CD28/CD3z BCMA CAR. A very
good partial response was observed in 2 patients, partial response
in 1 patient, and stringent CR in 1 patient.96 Antitumor effects
seemed to correlate with CAR T-cell dose, although too few pa-
tients were treated at each dose level for a definitive conclusion.
Toxicity was modest, with 2 patients at the highest CAR T-cell dose
experiencing CRS.96 Two phase 1 trials of BCMA CAR T cells in R/R
myeloma were reported at the 2017 American Society of Clinical
Oncology Annual Meeting.97,98 Although follow-up was short, sig-
nificant antitumor activity was observed in both studies, with a subset
of treated patients achieving CR. These results demonstrate that
targeting BCMAwith CAR T cells has substantial activity in myeloma,
although longer follow-up is needed to determine the durability
of responses and to identify resistance mechanisms that prevent
complete tumor elimination in patients with partial responses. Recent
preclinical studies also suggest that CAR T-cell efficacy is enhanced
in combination with lenalidomide.99 Thus, studies combining CAR
T cells with upfront therapies in myeloma are warranted.

AML
Acute myeloid leukemia (AML) is more common than ALL in
adults, and patients age .60 years respond poorly to conven-
tional therapy. The success of CAR T cells in ALL has encouraged
efforts to apply this approach in AML; however, identifying
suitable targets for CAR T cells has been problematic. Lewis Y
antigen (LeY), CD33, CD123, and CLL1 are being studied as
targets for CAR T cells, but they have the disadvantage of having
heterogeneous expression on leukemic cells or being expressed
on normal hematopoietic progenitors.100 A clinical trial targeting
LeY with CAR T cells demonstrated limited antitumor activity,
and studies targeting CD123 are ongoing. A transcriptomic and
proteomic analysis of AML identified 3 pairs of molecules that
might be amenable to combinatorial CAR targeting to minimize
on-target, off-tumor reactivity and maximize recognition of
leukemia.101 CARs incorporating scFvs that bind to HLA/peptide
complexes such as HLA-A2/WT1 are also being investigated.102

Further study of the specificity and sensitivity of these reagents is

required, but they represent alternatives to targeting broadly
expressed AML surface molecules.

Future perspectives
The genetic modification of T cells to target cancer represents a
disruptive new approach to therapy that is now approved for
advanced B-cell malignancies. Longer follow-up will determine
what fraction of patients achieve durable remissions with current
approaches, and ongoing studies of primary and adaptive re-
sistance mechanisms that prevent complete tumor eradication
should provide direction for improving outcomes. The cost and
complexity of manufacturing CAR T cells are significant barriers
to general use and, until solved, will complicate the evaluation of
CAR T cells earlier in therapeutic regimens, which could reduce
the morbidities of repeated cycles of multiagent chemotherapy.
Future studies comparing CAR T cells with standard therapies
will be imperative in B-cell malignancies to determine potential
benefits and disadvantages of cell-based therapy. Significant
challenges remain in applying this approach beyond B-cell
malignancies, but it is important to realize that the field is in its
infancy. Fundamental advances in T-cell biology, synthetic re-
ceptor design, and signaling have the potential to overcome
current obstacles and provide the next generation of genetically
engineered cellular therapies.
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