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Abstract

The genetic modification and characterization of T-cells with chimeric antigen receptors (CARs) allow functionally distinct
T-cell subsets to recognize specific tumor cells. The incorporation of costimulatory molecules or cytokines can enable
engineered T-cells to eliminate tumor cells. CARs are generated by fusing the antigen-binding region of a monoclonal
antibody (mAb) or other ligand to membrane-spanning and intracellular-signaling domains. They have recently shown
clinical benefit in patients treated with CD19-directed autologous T-cells. Recent successes suggest that the modification
of T-cells with CARs could be a powerful approach for developing safe and effective cancer therapeutics. Here, we briefly
review early studies, consider strategies to improve the therapeutic potential and safety, and discuss the challenges and

future prospects for CAR T-cells in cancer therapy.

Adoptive immunotherapy for cancer has a long and somewhat
checkered history; the first observations that immune system
engagement had antitumor effects are commonly attributed
to William Coley, who observed the regression of sarcoma fol-
lowing severe bacterial infections in the 1890s (1). However, the
seminal finding that hematopoietic stem cell transplantation
(HSCT) using syngeneic donors was less effective at preventing
relapse of leukemia compared with sibling donors provided the
founding rationale for adoptive T-cell therapy (2). Additionally,
the direct isolation and ex vivo activation of the tumor-infiltrat-
ing lymphocytes (TILs) was tested in multiple early-phase stud-
ies and resulted in durable responses in melanoma (3).
Recently, laboratory studies of chimeric antigen receptor
(CAR)-specific T-cells have been viewed with exceptional inter-
est for clinical development at an array of academic institu-
tions. The redirection of T-cells to tumor antigens by expressing
transgenic chimeric antigen receptors takes advantage of potent
cellular effector mechanisms via human leukocyte antigen
(HLA)-independent recognition. The potential of this approach
has recently been demonstrated in clinical trials, wherein T-cells

expressing CAR were infused into adult and pediatric patients
with B-cell malignancies, neuroblastoma, and sarcoma (4-12).
We discuss below the important progress that has been made in
this young field and the challenges that remain. We also describe
recent impressive clinical outcomes using CAR-modified T-cells,
which have generated a great deal of excitement.

Chimeric Antigen Receptors

Anatomy of CARs

CARs are recombinant receptors that typically target surface
molecules (13). CARs are typically composed of an extracellular
antigen-recognition moiety that is linked, via spacer/hinge and
transmembrane domains, to an intracellular signaling domain
that can include costimulatory domains and T-cell activation
moieties. CARs recognize unprocessed antigens independently of
their expression of major histocompatibility antigens, which is
unlike the physiologic T-cell receptors (TCRs). Hence, CAR T-cells
can circumvent some of the major mechanisms by which tumors
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avoid major histocompatibility class (MHC)-restricted T-cell rec-
ognition such as the downregulation of HLA expression or pro-
teasomal antigen processing, two mechanisms that contribute
to tumor escape from TCR-mediated immunity (14-16). Another
feature of CARs is their ability to bind not only to proteins but also
to carbohydrate (17,18), ganglioside (19,20), proteoglycan (21), and
heavily glycosylated protein (22,23), thereby expanding the range
of potential targets. CARs typically engage the target via a single-
chain variable fragment (scFv) derived from antibodies, although
natural ligands (known as first-generation CARs) and Fabs frag-
ment (Fab) selected from libraries have also been used (24).
Individual scFvs derived from murine immunoglobulins are nor-
mally used. However, human antimouse antibody responses can
occur and block antigen recognition by CARs when CAR-modified
T-cells are transferred into patients. In addition to antigen-spe-
cific approaches, two “universal” CAR systems have recently been
reported. These CARs house avidin (25) or antifluorescein isothio-
cyanate (FITC)-specific scFvs (26) that confer the recognition of
tumors with biotinylated or bound FITC-conjugated monoclonal
antibodies. Recently, some studies (27) have described the design
of a dual-specific CAR designated a “TanCAR,” which recognizes
each target antigen individually and provides full T-cell activation
upon encountering both antigens by incorporating two antigen
recognition moieties in tandem separated by a flexible linker.

The second element within a CAR molecule is the structure
of the spacer/hinge domain between the targeting moiety and
the T-cell plasma membrane (28). Commonly used sequences are
derived from IgG subclasses such as 1gG1, IgG4, and IgD and CD8
domains (22,29), of which IgG1 has been the most extensively
used (30). The extracellular domain spacer/hinge profoundly
affects CAR function and scFv flexibility. Notably, although some
CARs require hinge regions for optimal function, others do not
(31-33). Indeed, the distance between the T-cell and the tumor
cell is influenced by the position of the epitope and the length
of the spacer regions, and this affects the tumor recognition and
signaling of T-cell cytokine production and proliferation and can
also affect synapse formation between the T-cell and target cell
(34). Similar to the spacer/hinge domain, the CAR transmem-
brane (TM) domain also impacts the CARs’ expression on the
cell surface. Accordingly a variety of TM domains are derived
from T-cell molecules such as CD3¢ (35), CD4 (36, 37), CD8 (38,
39), or CD28 (40). Fusion molecules that incorporate a CD28 TM
domain lead to high expression of CAR compared with CD3¢
TM domains (40). Although little is known about the definitive
principles of the spacer/hinge regions and the TM regions, the
design of CARs for targeting novel antigens must take these
aspects into account. Studies suggest that for many target mol-
ecules, spatial constraints are able to affect antigen binding and
that the nonsignaling extracellular spacer and the TM domain
can be critical determinants in optimizing CAR design.

Of crucial importance for CAR design is the intracellular sign-
aling modules, which are derived from lymphocyte signal-initi-
ating molecules. These so-called first-generation CAR designs
include the C-chain of the TCR/CD3 complex and the y-chain of
the high-affinity receptor for immunoglobulin E (FceRI), which
were shown to initiate the phosphatidylinositol and tyrosine
kinase cascade, thus leading to gene transcription, cell activa-
tion, and cellular responses to diseased cells (41-43). Tumor cells
can induce antigen-specific tolerance or anergy based on MHC
class I-restricted antigen presentation and a simultaneous lack
of costimulatory ligands. CAR design therefore aims to provide
the appropriate costimulatory signals to activate effector T-cells,
and improved responses can be achieved through the incorpo-
ration of the costimulatory signal (known as second-generation
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CARs), which may include ICOS (inducible costimulatory), OX40
(CD134), CD28, 4-1BB (CD137), CD27, DAP10, or other costimula-
tory domains alone and in tandem with CD3¢ (44-49) (Figure 1A).
Some studies have demonstrated that CARs that provide costimu-
latory signaling enhance cytokine production and enable sequen-
tial rounds of T-cell proliferation in response to tumor-associated
antigen (TAA) in vitro and in vivo compared with CARs that con-
tain CD3{ in isolation (44—48). Similarly, some studies have shown
that 4-1BB signaling ameliorates CAR T-cell exhaustion induced
by persistent CAR signaling (50). Although second-generation
CARs enable increased T-cell antitumor activity, even this may
not initiate the full signaling capabilities of T-cells. Consequently,
third-generation CARs have been developed that include two
costimulatory signals, such as CD28, 4-1BB, and CD3g, in the
CAR gene constructs. These CARs have been shown to enhance
cytokine production and tumor growth inhibition in mice (51-53).
More recently, some studies focused on optimizing CAR design,
showing that “armored CAR T-cells,” which include cytokine-
secreting CAR T-cells (54-56) and ligand-modified (4-1BBL [57]
and CDA40L [58]) CAR T-cells have substantial antitumor activity
and can reprogram the immunosuppressive tumor microenvi-
ronment. Fourth-generation CAR T-cells redirected for universal
cytokine killing (TRUCKs) have been described, where the vector
encoding the CAR construct also possesses a cytokine expression
cassette (Figure 1B). The cytokine, usually a pro-inflammatory
cytokine, may be constitutively produced or induced once the
T-cell is activated by the CAR in the target tissue. The basic mech-
anism is that CAR T-cells, when activated by their CAR, deposit
pro-inflammatory cytokine in the targeted tumor lesion, which in
turn attracts an innate immune cell response toward those can-
cer cells that are invisible to CAR T-cells (54,55). In an alternate
strategy, CAR T-cells that were modified to constitutively express
CD40L or 4-1BBL demonstrated enhanced tumor efficacy and had
a profound effect on the tumor microenvironment. These proper-
ties are likely to be useful to translate this promising immuno-
therapy to solid tumors.

Gene Transfer of CARs

For CAR therapeutic approaches, gene transfer technology has
also rapidly developed, with an expanding series of gene trans-
fer platforms now available that can efficiently introduce the
CAR transgene cassettes into primary T-cells. Approaches for
the introduction of the CAR transgene use either nonviral gene
transfer of DNA plasmids, in vitro-transcribed mRNA species, or
viral-mediated transduction. Nonviral-based DNA transfection
was initially used because of its low immunogenicity and low risk
of insertional mutagenesis. Although this approach was safe, the
cells were short-lived after the transfer, likely owing to the long-
term culture and the antibiotic selection for T-cells bearing the
stable integrants (59,60). Transposon-based systems, which can
integrate transgenes more efficiently than plasmids that do not
contain an integrating element (61,62), are starting to be evalu-
ated in the context of CAR therapy (63). The relative advantages
and disadvantages of these different integrating systems have not
been elucidated but will depend on safety, CAR expression levels,
ease of manufacturing usage, and cost. Transposon/transposase
systems such as Sleeping Beauty (SB) (64,65) and piggyback (66,67)
can lead to the stable integration of a transgene; however, these
systems may be less effective overall. Alternative approaches
that do not depend on transgene integration and that use RNA
electroporation (68,69) lead to transient CAR expression. Clinical
trials in which solid tumors are treated with RNA-electroporated
CART-cells have been reported (70,71), and the safety and efficacy
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Figure 1. Schematic representation of the chimeric antigen receptor (CAR) structure. A) CARs target surface antigens in a major histocompatibility class-independent
manner and are comprised of an extracellular portion typically derived from an antibody and intracellular signaling modules derived from T-cell signaling proteins.
First-generation CARs contain a single cytoplasmic domain. Second- and third-generation CARs contain combinations of signaling domains. B) CAR T-cells redirected
for universal cytokine killing (TRUCKSs) employ a vector encoding the CAR construct that also possesses a cytokine expression cassette. These cytokines such as IL-12
can effectively recruit other components of the immune system to enhance the antitumor immune response toward those cancer cells that are invisible to CAR T-cells.
C) To increase the specificity of the CAR T-cells, T-cell signal 1 is separated from signal 2. Both target antigens that are expressed on tumor cells must be engaged to
deliver signals 1 and 2 and fully activate CAR T-cells. Normal cells that express only one of two antigens do not signal T-cells sufficiently to accomplish full activation.
D) A CAR that delivers a dominant inhibitory signal such as PD-1 and CTLA-4 is coexpressed with a CAR capable of full T-cell activation. Engaging both antigens on
normal cells could inhibit T-cell function, whereas encountering only the activating ligand on tumor cells generates a sustained T-cell response. CAR = chimeric antigen

receptor; CCR = chimeric costimulatory receptor; iCAR = inhibitory CAR.

results will provide valuable information for future cancer thera-
pies using genetically modified T-cells. Currently, virtually all CAR
studies have depended on retroviral vectors, including gamma-
retroviral and lentiviral vectors (72). Most retroviral vectors are
derived from murine leukemia virus or human immunodefi-
ciency virus-1. Gammaretroviruses that efficiently and perma-
nently transduce T-cells have preliminarily been proven safe for
use to transfer CARs into primary human T-cells with a proven
ability to exert a therapeutic effect (4). Lentiviral vectors also effi-
ciently and permanently transduce T-cells and hold particular
appeal in light of their potential to transduce nondividing cells
(73). Unlike hematopoietic stem cells (74,75), T-cells seem highly
resistant to retroviral vector-induced transformation (76-79).

Approaches to T-Cell Culture Production

There are important differences in the T-cell expansion pro-
cesses employed at different centers (Table 1 and 2). CAR T-cells
are generally produced within 10 days to three weeks of the ex
vivo culture (5,80,81) although some studies required a longer
culture time (82). T-cells or virus-specific T-cells in recent clini-
cal trials are commonly activated and expanded using anti-CD3
antibody in combination with either anti-CD28 (83,84) antibody

costimulation or coculture with peripheral blood mononuclear
cells derived from antilogous patients (7,80) or donors (85,86).
While the dose of CAR T-cells that is the most effective for treat-
ing a patient with advanced cancer remains unknown, clinical
adoptive T-cell therapy studies have shown that a greater num-
ber of cells is preferable, with up to 10** T-cells infused into the
patient (87). To date, IL-2 has been the cytokine of choice to drive
this ex vivo T-cell expansion. However, the in vitro culture pro-
cess can also be adapted to modify T-cells for the desired effector
function by selectively adding other common vy-chain cytokines,
for example, IL-7 and IL-15, to the culture media during the ex
vivo culture (88,89). Some studies showed that IL-7 and IL-15
both resulted in cultured T-cells and successfully expanded CAR
T-cells with a more favorable T-memory stem cell phenotype
(90). These studies are likely to influence the manufacturing of
CAR T-cells as investigators seek to encode CARs into T-cells that
preserve the functional capacity of T memory stem cells.

Use in the Clinic

Hematologic Malignancies
There are 20 publications reporting clinical trials of the use of
CAR-modified T-cells in hematological malignancies in acute
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Table 1. Continued

No. of

Cytokine

Conditioning

Gene-transfer

Persistence

support patients Responses to CAR T-cells

Cell dose regimen

Cell culture

vector used  Endomains

Antigen

Reference

Up to 14-49 mo in

4CR,4PR

18 enrolled,

None

Fludarabine/
cyclophosphamide,

0.14x 108 - 11x 108

CD3/CD28 beads +

Lentiviral CD137-

CD19

Poter 2015 (11)

patients with CR

14 treated
(relapsed and

CART (1-3
infusions)

100U/mL IL-2;

CD3t¢

pentostatin/
cyclophosphamide,

10+2d

refractory CLL)

and bendamustine
Day 12 after ASCT and

1CR 47d

1MM

None

5x10’ CART

CD19 Lentiviral CD137- CD3/CD28 beads +

Garfall 2015 (104)

(1 infusions) 140mg/m? melphalan

100U/mL IL-2;

CD3¢

for cell infusion

10£2d

acute myeloid leukemia;

allogeneic hematopoietic stem cell transplantation; AML =

acute lymphoblastic leukemia; Allo-HSCT

* Response assessment was done on week 4 (within 4 days) after CAR T-cell infusion. ALL

cyclophosphamide, doxorubicin, vin-

autologous stem cell transplantation; C-MOAD = cyclophosphamide, mitoxantrone, vindesine, cytarabine, and dexamethasone; CCR = continuous complete response; CHODE
cristine, dexamethasone, and etoposide; CLL = chronic lymphocytic leukemia; CNS = central nervous system; COED = cyclophosphamide, vincristine, etoposide, and dexamethasone; COD = cyclophosphamide, vincristine, and

dexamethasone; CR
ylprednisolone; FL
evaluable; NHL

ASCT

etoposide, carboplatin, high-dose cytosine, and meth-

Epstein-Barr virus; ESHAP =

diffuse large B-cell lymphoma; EMV =

cyclophosphamide, vincristine, and prednisone; DLBCL

complete response; CVP

follicular lymphoma; FND
non-Hodgkin’s lymphoma; PD

=not

minimal residual disease; NE

multiple myeloma; MRD =

mantle cell lymphoma; MM =

fludarabine, mitoxantrone, and dexamethasone; LCL = lymphoblastoid cell line; MCL

progressive disease; PR

Splenic marginal zone lymphoma.

= partial response; SD = stable disease; SMZL
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lymphoblastic leukemia (ALL) by targeting CD19, in chronic
lymphoblastic leukemia (CLL) by targeting CD19, in multiple
myeloma by targeting CD19, in lymphoma by targeting CD19
or CD20, and in acute myeloid leukemia (AML) by targeting
Lewis Y antigen or CD33. The CAR designs, manufacturing
processes, and clinical outcomes are summarized in Table 1.
These clinical trials followed the same basic steps, including
a patient T-cell apheresis, retroviral or lentiviral CAR transduc-
tion, T-cell expansion, and conditioning chemotherapy prior to
the T-cell infusion. However, each group follows a slightly dif-
ferent protocol, which varies by the following factors: vector
design (the same CD28/CD3C dual-signaling domain was used
at the NCI and Memorial Sloan-Kettering Cancer Center; and
4-1BB/CD3C was used at the University of Pennsylvania and PLA
General Hospital), infused T-cell product, T-cell manufacturing,
the conditioning chemotherapy strategy, cytokine support for
the infused T-cells, the tumor targeted, the age of the treated
patient population, the timing of the CAR T-cell infusion, the
degree of tumor burden at the time of therapy, and the T-cell
dosage and derivation (91,92). The effects of the differences in
protocols are unclear.

The most investigated target to date is CD19, an appeal-
ing target for immunotherapy, as it is uniformly expressed by
most of B-cell malignancies but not in normal tissues other
than those originating from the B-cell lineage (93,94). Human
T-cells expressing different CD19 CARs eradicated systemic
B-cell tumor xenografts established in immunodeficient mice
(36,46,59,95), effectively paving the way for several ongoing
clinical trials. Anti-CD19 CAR T-cells have thus ushered in a new
paradigm for evaluating CAR technology. The reported clinical
outcomes of CD19-specific CAR T-cells were recently reviewed
elsewhere (92,96) and are briefly summarized here.

CLL

CD19-specific CAR T-cells induced a clinically significant
response in 40 patients with advanced chemotherapy-refractory
and high-risk CLL by groups at the National Cancer Institute
(84,85,97), Memorial Sloan-Kettering Cancer Center (80), Baylor
College of Medicine (86), and the Abramson Family Cancer
Research Institute at the University of Pennsylvania (5,6,11);
of the 40 patients, 10 achieved complete remission (CR), 10
achieved partial remission (PR), and five achieved stable dis-
ease (SD). Notably, of these 40 patients, eight patients received
infusion of allogeneic, rather than autologous, T-lymphocytes
engineered to express a CD19-specific CAR without precon-
ditioning at two different medical centers (National Cancer
Institute [NCI] and Baylor College of Medicine). Some studies
have shown that CD19-specific CAR T-cells containing the CD3¢
activation domain and the 4-1BB (CD137) costimulatory domain
proliferated in vivo, eliminated high tumor burdens, and per-
sisted with ongoing functional activity beyond three years (5,6).
In one of these studies, 14 patients with relapse and refractory
CLL received T-cells expressing a CD19 CAR, the overall response
rate in these patients was eight of 14 (57%), with four CR and
four PR (11). Other studies have also reported clinically signifi-
cant responses in CLL patients to T-cells directed with slightly
different CAR designs also targeting CD19 but containing a CD28
costimulatory domain (11-15). The reasons for the different out-
comes across the 40 patients with CLL treated at four different
centers include important differences in the CAR design, lym-
phodepleting strategy, derivation of T-cells, and selection of che-
mosensitive patients. These variables are among many (91) that
may affect outcome and need further study.
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ALL

We and three other groups successively published follow-
up studies in adult and pediatric ALL, which are summarized
in Table 1. The results obtained at the four different centers
all showed a dramatic complete remission rate, a rare occur-
rence for phase I studies in oncology, particularly considering
the poor prognosis of patients with relapsed ALL. Maude et al.
reported a 90% CR rate in 30 pediatric and adult patients with
ALL treated at Children’s Hospital of Philadelphia (CHOP) and
UPenn phase I trials (9). Davila et al. reported an 88% CR rate in
16 adult patients proceeding to allogeneic stem cell transplanta-
tion shortly after CAR T-cell treatment with relapsed ALL treated
at MSSKC (7,98). Lee et al. reported a 66.7% CR rate in an NCI
intent-to-treat analysis of 20 children and young adults with
ALL (10). Finally, Dai recently reported a 56% overall survival
rate at 18 weeks in nine adult B-ALL patients with extramedul-
lary leukemia and observed that donor-derived anti-CD19 CAR
T-cells can cause graft-vs-host disease (GVHD) and the regres-
sion of extramedullary B-ALL (99). Forty-six percent of patients
in the four studies had a prior history of allogeneic SCT.

Durable remissions were also observed in all four studies
but were reported in only approximately half of the patients
who ultimately transitioned to allo-SCT in the NCI and MSKCC
groups. In the CHOP/Penn medical center, sustained remis-
sion was achieved with a six-month event-free survival rate of
67% and a 78% overall survival rate. Finally, in the PLA General
Hospital (PLAGH), the rate of overall survival at 18 weeks was
56%. Across the trials and the CAR designs, the ALL patients
in our group tended to have lower response rates to CAR T-cell
treatment compared with the other groups. The reason for this
low response rate may be related to the patient characteristics.
The patients in our group had confirmed CNS leukemia and iso-
lated extramedullary leukemia, both of which have been con-
sidered high-risk for ALL with a poor prognosis. These results
suggest that CD19-directed CAR T-cells can potentially produce
durable remission, but a more extensive follow-up is required
across trials as differences are likely.

B-ALL remains a challenge because of relapse after CD19-
directed T-cell therapy. CD19-positive and CD19-negative blasts
have been observed in relapsed patients post-CD19-directed
T-cell therapy. A lack of CAR-directed T-cell persistence or a
decreased efficiency of CAR T-cells leads to relapse of ALL that
retains a CD19-positive blast. Optimized CAR designs (optimal
costimulatory domains), gene transfer technologies, optimal for-
mations of the final cell product, and second CAR-19 T-cell infu-
sions may prevent relapse of ALL by boosting T-cell persistence.
However, CD19-negative blasts are not prevented by enhanced
T-cell persistence. Single-target therapy may select for and spur
CD19 escape variants or CD19 antigen loss. The group at the NCI
observed that CD19-negative blasts emerged in the two patients
treated with CD19-directed therapy who retained the expression
of CD22, and based on this retention they developed CAR T-cells
targeting the B-cell antigen CD22 that can be used for treat-
ing CD19-negative relapse and can be combined with a CD19-
modified CAR in the future (32). Combination or tandem CARs
targeting both CD19 and CD22 may prevent escape because of
antigen loss, but further studies are needed (24).

Lymphoma

Modest clinical responses have been achieved in studies
wherein first-generation CARs have been transferred to adop-
tively transferred lymphocytes for treating lymphoma as sum-
marized in Table 1. However, second- and third-generation
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CARs showed encouraging clinical outcomes in lymphoma by
groups at the Fred Hutchinson Cancer Research Center (101),
NCI (84), and PLAGH (100). Our group reported targeting CD20
containing a 4-1BB costimulatory domain in patients with
diffuse large B-cell lymphoma and showed one CR, three PR,
and one SD in six evaluable patients (100). Till et al. reported
using a CD20-directed CD28.4-1BB{ CAR in which two of the
three patients with relapsed indolent B-cell and mantle cell
lymphomas who received anti-CD20 CAR T-cells remained
progression-free for 12 and 24 months, respectively, while the
third patient experienced an objective partial response (101).
Finally, Kochenderfer et al. (84) reported the clinical activity
of autologous T-cells modified to express a CD19-directed CAR
in nine patients with diffuse large B-cell lymphoma (DLBCL)
and two patients with indolent lymphomas. They showed that
seven with DLBCL were evaluable, with four patients achiev-
ing complete response and the other two patients with indo-
lent lymphomas achieving one CR and one PR (84). Taken
together, these clinical studies are highly encouraging, with
many reports of objective clinical responses in patients with
advanced refractory lymphoma.

AML

Two groups reported on the feasibility of CAR T-cell therapy in
AML. Richie et al. conducted a study of T-cells redirected against
the Lewis Y antigen in four AML patients and showed that two
patients achieved SD, one patient achieved a transient reduc-
tion in blasts, and a fourth patient showed transient cytoge-
netic remission (102). The other study, conducted by our group,
employed an anti-CD33 CAR and reported a transient reduc-
tion in blasts in one patient with advanced AML (103). These
two studies demonstrate the safety and potential utility of CAR
T-cells for treating AML.

Multiple Myeloma

More recently, Garfall et al. tested the therapeutic potential of
autologous T-cells modified to express a CD19-specific CAR (104)
in one patient with refractory multiple myeloma previously
subjected to myeloablative chemotherapy (melphalan, 140mg/
m? and autologous transplantation (Table 1). The patient expe-
rienced ongoing complete clinical and molecular remissions
despite the absence of CD19 expression in most neoplastic cells.
Although this is only a case report and further information and
validation are necessary, the use of anti-CD19 CAR T-cells in
conjunction with autologous transplantation is regarded as a
promising strategy for treating multiple myeloma.

Solid Tumors

Despite several case series having reported clinically significant
responses in patients with CD19-positive malignancies, clinical
experience targeting solid tumor antigens with CAR T-cells is
considerably more limited (Table 2)(4,12,20,70,71,105-111). Most
trials using first-generation CAR T-cells that are specific to solid
tumors have failed to achieve effective antitumor responses
(70-71, 111) although one trial with 19 neuroblastoma patients
treated with CAR T-cells specific for the GD2 ganglioside showed
3 CRs (20). Encouraging clinical reports (12) are also emerg-
ing from other centers using HER2.CD28.C-CAR in 19 patients
with metastatic or recurrent HER2-positive sarcoma, with four
patients experiencing disease stabilization for 12 weeks to
14 months. However, CAR T-cells face a unique set of challenges
in the case of solid tumors. Some of the key issues appear to be
the absence of unique tumor-associated antigens, the inefficient
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homing of T-cells to tumor sites, and the limited persistence
of CAR T-cells. Moreover, the immunosuppressive microenvi-
ronment within the tumor tends to strongly inhibit CAR T-cell
function. Despite a large number of investigated targets, few are
truly tumor specific or ubiquitously expressed on tumor cells
but not expressed on normal cells. Targets with merely higher
levels of expression on tumor cells than on normal tissues have
been selected as potential alternatives; and, while this approach
raises safety concerns (112,113), it is worth pursuing. While a
seemingly herculean task, fulfilling all of the above require-
ments can be accomplished effectively through both intrinsic
and/or extrinsic modifications of CAR T-cells. The specific issues
that help CAR T-cells to achieve their full therapeutic potential
in clinical studies and developing solutions are discussed below.

CAR Safety

On-Target, Off-Tumor Toxicity

A major concern is the risk of “on-target, off-tumor” toxicity,
resulting in the immune-mediated destruction of normal tissues
that express the targeted antigen. B-cell aplasia is an expected
on-target result of successful CD19-specific CAR T-cell therapy
(5,80,97) and has served as a useful pharmacodynamic marker of
CART-cell functional persistence. Fortunately, B-cell aplasia can be
effectively managed by infusion with gamma globulin as replace-
ment therapy. One recent case report of acute toxicities associ-
ated with CAR T-cell infusion described a patient who received
a third-generation HER2-specific CAR (107), which is expressed
at a low level in several normal tissues, including the heart and
pulmonary vasculature. Similarly, there have been clinical tri-
als of “on-target, off-tumor” toxicities following CAR T-cell treat-
ment, the most informative example being the cholestatic effect
of T-cells specific for carbonic anhydrase IX (110). Other examples,
for which no toxicities have been reported to date, include CD171-,
GD2-, CEA- and IL13Ra2-redircted CAR T-cell therapy (4,70,71,106).
Surprisingly, in our study (99) grade 2-3 GVHD was observed in
patients with mixed chimerism who received substantial donor-
derived anti-CD19 CAR T-cells three to four weeks after cell infu-
sions. These results indicate that the toxicity management of
GVHD for enrolled patients with mixed chimerism treated with
donor-derived CAR-modified T-cells must be conducted with
extreme caution (99). To avoid untoward outcomes, it is imperative
to choose highly tumor-specific antigen molecules to target and to
refine the affinity and specificity of the CAR, the cell dose, and the
conditioning regimens used prior to cell infusion.

Cytokine Release Syndrome

The second major concern is that of “cytokine release syn-
drome” associated with CAR T-cell therapy. Large numbers of
activated T-cells can produce cytokine release syndrome (CRS),
which manifests in high fever, hypotension, and hypoxia, poten-
tially resulting in organ failure, and is related to production of
several proinflammatory cytokines, including IL-6, TNFa, and
IFNy, secondary to CAR T-cell activation. Some studies have
proposed C-reactive protein as an indicator of severe CRS (98);
however, although high C-reactive protein (CRP) is associated
with the severity of CRS in several studies, the assessment of
its use as a predictive biomarker is ongoing (9,114). The clini-
cal and laboratory manifestations overlap with those of the
macrophage activation syndrome (MAS) (8). Fortunately, IL-6
blockade using the IL-6 receptor antagonist tocilizumab is now
used off-label to control severe CRS/MAS without compromising

T-cell efficacy (8). In addition to using cytokine-blocking drugs,
some studies have used steroids to treat CRS (8,10,98). Another
important observation is that the severity of CRS may be directly
associated with the tumor burden at the time of infusion of the
CAR-directed T-cells (9,10). This association indicates that either
infusing CAR T-cells into patients earlier in the course of their
disease or using pre-infusion conditioning chemotherapy com-
bined with intensive chemotherapy to reduce the tumor burden
may substantially reduce the risk of severe CRS.

Neurologic Toxicities

Neurologic symptoms including delirium, dysphasia, aki-
netic mutism, and seizures have been reported in a handful of
ALL patients treated with anti-CD19 CAR T-cells in some trials
(9,10,98,99). These symptoms are self-limited, resolving over sev-
eral days without intervention or apparent long-term sequelae.
Although certainly associated with the presence of CAR T-cells in
the spinal fluid of most patients, these symptoms do not appear
to be prevented by IL-6 blockade. The mechanism of these symp-
toms is unclear and warrants careful and greater investigation.

Strategies to Improve CAR Safety

Because CAR-modified T-cells can elicit a remarkable antitumor
response as well as severe toxicities, strategies to improve CAR
safety may become necessary (Figure 2). Transfecting T-cells with
mRNA encoding the CAR to provide transient expression of the
CAR in transferred T-cells may be useful for alleviating imme-
diate toxicity (115). Additionally, suicide genes encoded into
the transduced cells as a countermeasure have been evaluated
in two caspase-based systems: herpes simplex virus-derived
enzyme thymidine kinase (HSV-tk) and inducible caspase-9. Both
systems selectively and efficiently eliminated the vast majority
of transferred T-cells (116,117). However, these two approaches
have two drawbacks, namely that the transient expression of
the CAR may sensitize the patient to the CAR (118) and that
the induced transgene may also be potentially immunogenic
(119-121). A novel fully human CAR may overcome the issues
of transgene immunogenicity and has been tested in an animal
model (122), but the animal model development remains in its
early stages. Some groups have employed an alternate approach
based on the human epidermal growth factor receptor (EGFR) to
generate a small, truncated derivative (tEGFR). tEGFR can func-
tion as a cell marker for elimination by antibody-dependent,
cell-mediated cytotoxicity upon cetuximab treatment (123).
Alternatively, some lessons learned from nature may be applied
to the synthetic biology of the CAR. One strategy to increase the
specificity of the CAR is to split the signals required to activate
the transduced T-cells between two separate CAR molecules
(Figure 1C). This strategy has proven to be successful in vitro and
in mouse models, wherein the primary antigen receptor is shared
by the tumor and some normal cells but is designed to have low
affinity and delivers an attenuated signal. A second CAR target
was specified for an antigen on the tumor, but not the normal
cells, with the target for delivering costimulatory signals (124).
However, the transferred T-cells only eliminated the target cells
that expressed a combination of antigens. An alternative strat-
egy for achieving tumor specificity is to employ both activating
and inhibitory CAR (iCAR) (Figure 1D). In a preclinical model, the
co-expression of two CARs that operate as logic gates was dem-
onstrated, such that signaling through the activating receptor
is inhibited when the CAR T-cells encounter a normal cell (125),
thereby improving tumor selectivity. More recently, some studies



using a strategy to adjust the affinities of the scFv component of
CAR to discriminate malignant from normal cells based on the
density of target antigen expression have demonstrated a CAR
with reduced affinity, enabling T-cells to distinguish tumor over-
expressing the target from normal cells that express it at physio-
logic levels (126,127). Moreover, reducing tissue trafficking via the
incorporation of a chemokine receptor (128) into effector cells or
the administration of a drug blocking CCR5 (129) may alleviate
toxicity. Overall, alongside the development of scientific technol-
ogy to control CRS and equip CAR T-cells to prevent on-target off-
tumor toxicities or eliminate activated T-cells, the safety profile
of CAR T-cell therapy has improved greatly.

Homing

The trafficking of targeted effector T-cells to tumor sites is a pre-
requisite for exerting their functions against tumors. Indeed, data
accumulated primarily in the context of adverse events demon-
strated that infused T-cells do, in fact, traffic throughout the body
and home to sites where a target antigen is expressed (130,131).
Chemokines play a major role in defining lymphocyte migra-
tion; hence, genetically modifying T-cells to express appropriate
chemokine receptors can change the migration patterns of T-cells
so that they can move towards the relevant tumor chemokine
receptors. This approach was initially demonstrated by express-
ing CCR4 on T-cells that are specific to the Hodgkin’s lymphoma
marker CD30, thereby helping to increase their localization to
tumor sites (128). Similar approaches have been used to express
CCR2bD to target T-cells toward neuroblastoma (132) and to express
a CAR that recognizes VEGFR2, which is consequently expressed

Safety
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in tumor blood vessels and serves as a target to increase T-cell
homing to tumor tissues (133). Alternatively, recent data showed
that inducing the expression of the enzyme heparanase in
T-cells co-expressing a tumor-specific CAR improves their capac-
ity to degrade the extracellular matrix without compromising
their viability, expansion, or effector function and consequently
promoting increased antitumor activity (134). However, strate-
gies involving genetically redirecting the migration of T-cells to
enhance tumor-specific homing remain in the preclinical phase.
They also offer an approach to focus on blocking inhibitor of
migration (135) or using radiotherapy to normalize the often cha-
otic structure of tumor blood vessels (136) (Figure 2).

Persistence

CAR T-cells must survive and also possibly proliferate to achieve
effective disease clearance and protection from recurrence. T
and B-cell numbers fixed within an individual are reduced to
baselines by homeostatic mechanisms after infection. Similarly,
conditioning chemical or radiological depletion of lymphocytes
can lead to enhanced engraftment and to the persistence of the
infused cells through a homeostatic mechanism mediated by
the removal of inhibiting regulatory T-cells (137) and the avail-
ability of homeostatic cytokines to facilitate proliferation of the
transferred T-cells (138). However, conditioning chemotherapy is
associated with considerable complications, principally suscep-
tibility to infection.

Efforts to improve the persistence of CAR T-cells focus on the
phenotypically defined populations that may proliferate and
survive for longer periods, preferably naive or central memory

ﬁersistence \

*Selection of T-cell

cells for transduction
KOff-the-shelf CAR T-cely

ﬁvercome \
immunesuppression

*Expression of survival genes
such as Bcel-X(L)

*Treg suppression

*CD25 expression upregulation
*IDO downregulation
*TRUCKs CAR (IL-12)
*Express dominant negative
receptors (TGF-3)

*Switch receptor chimerias
(PD1-CD28)

* Constitutive CD40L or 4-1BB
@pression /

Figure 2. Strategies to improve chimeric antigen receptor (CAR) T-cell therapy. There are various potential strategies to genetically modify T-cells for adoptive therapy
to improve CAR T-cell efficacy and safety. Ultimately, combination therapy can be used to enhance the therapeutic potential of CAR T-cells. CAR = chimeric antigen
receptor; CCR = chimeric costimulatory receptor; iCAR = inhibitory CAR; EGFR = epidermal growth factor receptor; HSV = herpes simplex virus; IDO = indoleamine 2,
3-dioxygenase; Treg = regulatory T-cell; TRUCKs = T-cells redirected for universal cytokine killing; VEGFR = vascular endothelial growth factor receptor.
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T-cells (139,140). CD19-specific CD8* central memory T-enriched
cells expressing naive markers, such as CD62L, may improve
engraftment in the patient as compared with more effector/dif-
ferentiated T-cells (141). Recent data have identified and char-
acterized stem cell memory T-cells and have shown that Wnt
signaling promotes the propagation of these cells (142,143).
Some studies have used T-cells specific to EBV and directed
them to the GD2 antigen expressed by neuroblastoma tumor
cells. This approach appears to increase numbers of CAR T-cells,
at least in the short term (20).

An indirect strategy to supply cytokines to enhance the pro-
liferation and persistence of CAR T-cells involving the introduc-
tion of the IL-12 gene into CD19-specific CAR T-cells has shown
that T-cells retained a central memory effector phenotype and
exhibited increased antitumor activity (144). Similarly, CD19-
specific redirected T-cells maintained antitumor effects and per-
sisted longer following transduction with a vector encoding an
IL-15 gene (56). However, an advantage of this approach lies in
the absence of the systemic cytokine IL-2, which could impinge
upon T-cell function, such as the stimulation and expansion of
regulatory T-cells (145). Initial studies using T-cells that were
engineered to express cytokines have been successful in vitro
although the feasibility of this approach in vivo is unclear.

Alternative or complementary approaches for enhancing CAR
T-cells include multiple cell infusion cycles. A limitation of this
strategy is that autologous CAR T-cells must be custom made.
Some studies used transcription activator-like effector nuclease
(TALEN) gene-editing technology to permanently knock out TCR
aand pexpression and to abrogate the third-party T-cell’s poten-
tial for GVHD from the CD19-directed T-cells to overcome the
key barriers of the adoptive transfer of third-party CAR T-cells,
thus facilitating “off-the-shelf” CAR T-cell immunotherapy (146).
Recent studies have also used this TALEN-mediated editing
approach to develop and to aid in the large-scale manufacturing
of T-cells that do not express TCRaf} and CD52, a protein targeted
by alemtuzumab, which can be administered with or following
alemtuzumab treatment, mediating lymphodeletion/immu-
nosuppression and thereby enhancing engraftment (147). The
manufacturing platform is highly reproducible irrespective of
the donor source, and the multiplex genome-edited T-cell manu-
facturing platform shows potential efficacy as an “off-the-shelf”
immunopharmaceutical for investigating tumor treatment.

Overcoming Immunosuppression

Despite the fact that adoptive immunotherapy using gene-
modified T-cells expressing antigen-specific CAR is a promising
approach for treating cancer, the CAR T-cell must face a barrage
of immunosuppressive factors within the tumor microenviron-
ment of solid tumors. Therefore, in solid tumors CAR T-cells are
further genetically engineered to incorporate countermeasures
against immunosuppressive factors in the tumor microenviron-
ment (Figure 2). For example, CAR T-cells can be potentially engi-
neered to include the expression of a dominant-negative form
of the TGFf receptor to overcome the inhibitory effects of TGF
(148); to target NKG2D to recognize NKG2D ligands expressed
on immunosuppressive cells, such as MDSCs, and to regulate
T-cells and endothelial cells within the tumor microenviron-
ment (149-151); to mute inhibitory immune receptors such as
CTLA-4 (152); to reduce sensitivity to Fas-induced apoptosis
(153) and to facilitate the expression of survival genes such as
Bcl-X(L) (154). Remarkable and sustained upregulation of CD25
expression (155) and the co-expression of 4-1BBL (57) or CD40L
(58) may protect the CAR T-cells against the immunosuppressive

tumor microenvironment. Alternately, recent studies observed
that CAR T-cell therapy, in combination with anti-PD1 antibody
(156,157) or GM-CSF neutralization (105), can resist tumor immu-
nosupression and thereby improve antitumor activity in preclin-
ical models. Moreover, a PD1-CD28 chimeric receptor can convert
the tumor PD-L1 to a ligand that transmits a CD28 costimula-
tory signal to CD8* T-cells, which thereby enhances its antitumor
activity (158). Similarly, resistance to other immunosuppressive
factors, such as indoleamine 2, 3-dioxygenase, can be achieved
using conditioning chemotherapy, including fludarabine and
cyclophosphamide, prior to CAR T-cell infusion (159).

In an alternate strategy, CAR T-cells engineered with a
CAR-inducible IL-12 cassette secrete IL-12 (TRUCKs) upon CAR
engagement of the cognate antigen (54) and therefore can
enhance antitumor function and are better able to impact local
suppressive cells, such as Treg cells within the tumor stroma
that are aimed at recruiting a second wave of immune cells in
a locally restricted fashion to initiate the recognition of cancer
cells that have lost the expression of the CAR target antigen (160).
Moreover, CAR T-cells with IL-12 release enable more effective
antitumor destruction compared with CAR T-cells alone and may
not require conditioning chemotherapy (55). Thus, TRUCKs exhib-
ited antitumor activity in solid tumors with different cancer cell
phenotypes and actually changed the tumor microenvironment.

Thus, a marvelous array of strategies has been conceived
to resist tumor immune evasion mechanisms and thereby
enhance the antitumor function of CAR T-cell therapy. However,
these approaches have been used in isolation as proof-of-prin-
ciple demonstrations for each strategy. Further improvements
will undoubtedly follow in future clinical trials.

Conclusions

Although CAR T-cell therapy is emerging as a powerful therapy
and is likely to be incorporated into mainstream oncologic treat-
ment soon, some important biologic tasks require additional
investigation, including optimizing CAR signaling, defining the
optimal target antigen, optimizing cell manufacturing methods,
enhancing CAR T-cell therapy safety, the optimal condition-
ing for CAR T-cell therapy to delineate optimal combinatorial
strategies to improve the therapeutic potential of CAR T-cells,
and identifying the active “ingredient” of the CAR T-cell prod-
ucts (the optimal CAR T-cell substrates). Several obstacles to
the effectiveness of this therapy remain, particularly in treating
solid tumors. Addressing issues specific to the treatment of solid
tumors, such as tumor heterogeneity, antigen loss, an immu-
nosuppressive microenvironment, and accessibility challenges,
will be imperative. Genetic modifications can meet some of the
requirements for an effective immune response against solid
tumors, including making T-cells respond against tumors and
resistant to the tumor immunosuppression microenvironment,
as well as improving homing to tumors and persistence for the
long term. Such genetic modifications can be envisioned as the
future approaches in this rapidly evolving field. This is a very
positive development that shows that CAR T therapy undoubt-
edly marks a new era in cancer therapy and the beginning of
personalized cell therapy with targeted specifications.
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