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Abstract

Background: Simultaneous advances in gene editing, T cell engineering and biotechnology currently provide an
opportunity for rapid progress in medicine. The approval of chimeric antigen receptor (CAR) T cell therapies by the
US Food and Drug Administration (FDA) and the European Commission have generated substantial momentum for
these first-in-class therapies to be used in patients with B cell malignancies.

Main body: Considerable efforts focus on improved outcomes and reduced side effects of the newly approved
therapies. Using innovative strategies, researchers aim to extend CAR T cell use to tackle difficulties inherent in solid
tumors. Efforts are underway to broaden the applications of CAR T cells, and the strategy has been successful in
chronic viral infections and preclinical models of autoimmunity. Research is in progress to generate “off-the-shelf”
CAR T cells, an advance, which would greatly increase patient availability and reduce treatment cost.

Conclusions: In this thematic review, we highlight advances that may help develop genetically engineered cells
into a new category of medical therapies.
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Background
The remarkable success of CAR T cells in cancer patients,
who had failed to respond to standard treatments, has cap-
tured the attention of researchers and the public at large [1].
The emergence of CAR T cells as therapeutic options with
proven efficacy for B cell cancers is bolstered by the complete
remission seen in most patients and the years of sustained ef-
ficacy that are possible. Potentially serious side effects, al-
though deserving of continued attention, are largely transient
and manageable with appropriate care and follow-up [2].
Below, we focus on how T cells can acquire genetic instruc-
tions to seek and destroy cancer cells. One particularly suc-
cessful approach, which first showed efficacy in B cell
leukemia, targets CD19, a B cell surface receptor expressed
throughout most of B cell development [3, 4]. Viral vectors
deliver the CAR transgene to a patient’s T cells. Upon inte-
gration into the host cell genome, the CAR gene encodes the
chimeric receptor, which consists of a compact, extracellular
targeting domain and additional transmembrane and

cytoplasmic domains. The targeting domain usually derives
from an antibody and mediates target cell binding, whereas
the bi- or tri-partite cytoplasmic domain mediates T cell pro-
liferation, differentiation, and, upon binding to a CD19-
expressing B cell, promotes cell killing. Long-term engraft-
ment of cytotoxic, cancer-suppressing T cells is achievable
by the judicious design of cytoplasmic activation motifs. Ac-
cordingly, CAR T cells can eradicate even highly advanced B
cell malignancies.
The currently approved CAR T cell therapies require

autologous (patient-derived) T cells as recipients for the
synthetic gene. However, the need for patient T cells as
the starting point of the CAR therapy represents an obs-
tacle to the broader application of the treatment. Only
highly specialized research hospitals can apply the treat-
ment, and patients with few or impaired T cells may be
poor candidates for the treatment. In addition, variations
in T cell phenotype, rates of viral transduction and cell
culture conditions may differ from patient to patient and
affect outcomes. Each of these hurdles have now begun
to be surmounted. More advanced designs, which in-
clude multi-component CARs, inducible CAR expression
and regulated CAR T cell activity, are in various stages
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of testing and implementation in cell culture, animal
models of cancer, or trials in humans [5]. Here, we high-
light recent advances that became possible by the cre-
ative application of genome editing to cell therapy.

Methods for Germline editing
Various approaches are available to modify the germline
of somatic cells at sites of interest (Fig. 1). These range
from the now pervasive use of CRISPR/Cas9, a bacterial

nuclease that cleaves the DNA of infecting phage [6], to
Sleeping Beauty, a modified version of a fish transposon
[7], and to entirely engineered site-specific nucleases,
such as zinc-finger arrays linked to restriction enzyme
cleavage domains [8] and the transcription activator-like
effector nuclease (TALEN) [9]. The cell activates its own
DNA repair capacity to repair the double-stranded DNA
breaks that the exogenous nuclease creates. The process
relies on non-homologous DNA end joining and

Fig. 1 Diagrams of different approaches to genome editing. a CRISPR/Cas9 uses guide RNA (gRNA) to hybridize to a specific site in the genome
and cleave the genomic DNA. b The Sleeping Beauty transposon aligns terminal repeat DNA sequences with target DNA prior to DNA cleavage
and break repair to generate a T/A dinucleotide repeat at the site of initial cleavage. c Zinc finger (ZF) nuclease is shown with 3 finger domains
recognizing either half site. d TALEN is shown to consist of nuclease (N) and protein domains that each recognize a unique base pair. The images
are original depictions, not intended as precise molecular models of the proteins and nucleic acids involved in the reactions
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homology-directed repair, which often are error-prone.
As result, the cleavage site is often repaired with inser-
tions or deletions of one or more base pairs, which may
interrupt an open reading frame. Investigators can pro-
duce larger insertions or deletions by generating DNA
breaks at two genomic locations and bridging the sites
by introduction of new or mutant DNA fragments.
Transposon-based gene editing differs in that it relies on
a transposase that can both cut and reseal the genome.
The gene editing methods differ in the complexity

and speed of design and implementation: For site selec-
tion, design and production of new variants, CRISPR
guide RNA (gRNA) offer a more efficient and versatile
solution, whereas zinc fingers and TALENs are more
intricate to work with. Each of these methods follows
different criteria for the selection of suitable cleavage
sites, yet entails the likelihood of additional events that
potentially impact the host cell function by introducing
unintended mutations. Of interest to the discussion
below, the likelihood of genotoxicity is proportional to
the concentration and length of time that a nuclease ac-
tivity remains present in cells [10]. Thus, methods to
bring mRNA or nuclease protein transiently into cells
are available, such that they achieve the intended result,
yet the enzymatic activity dissipates quickly upon edit-
ing of the host cell genome. Importantly, a single
CRISPR experiment can accomplish simultaneous edit-
ing events at several sites in the genome [11].

Tunable aspects of CAR therapy
The decisions that arise in planning a typical CAR
approach for cancer therapy are outlined in Fig. 2.
The protocol involves the isolation of a sample of
peripheral blood from the patient, which provides the
starting point for the ex vivo portion of the proced-
ure. An initial aspect of the procedure depends on
the degree of cell purification that is intended before
viral transduction. CAR transgene transduction may
use total mononuclear cells, enriched CD3+ T cells,
or purified cytotoxic CD8+ T cells. A trade-off
between cell yield and efficacy drives this decision.
Subsequent options include the choice of CAR speci-
ficity, overall structure of the CAR fusion protein,
and expression system. Currently, most studies use a
second or third generation CAR (using two or three
cytoplasmic signaling domains), which, in most cases,
is delivered by lentivirus, although retrovirus delivery
also offers certain benefits. In addition to the CAR
structural gene, researchers have used the viral deliv-
ery vector to encode a variety of additional gene
products. For example, vectors may express factors
that enhance survival of CAR T cells in the patient,
such as interleukins [12], or to include a “safety
switch”, which could disable the CAR T cells, if the
patient suffers unacceptably serious side effects. One
method to disable CAR T cells is the use of an indu-
cible caspase gene [13, 14] that can be activated

Fig. 2 Aspects of CAR T cell culture and modifications that may be suited to different applications. A typical experiment that involves CAR T cells
should consider various aspects of target cell populations, vector and expression system alternatives, structural aspects of the chimeric receptor
protein and whether additional cargo should be delivered along with the CAR to the recipient cells. Importantly, gene editing of the CAR T cells
may be a critical component of the design process. This is an original diagram
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should the therapy prove to be dangerous for the pa-
tient. Such safety measures are frequently included
with more recent CAR T cell clinical trials.
A productive area of CAR T cell engineering involves

the modification of the CAR T cells in ways that could
be beneficial upon transplant into the patient. There are
several important objectives that have been approached
in this category. By gene editing (using methods outlined
in Fig. 1), CAR T cells have been rendered safer, more
resilient, and more active within the tumor microenvir-
onment. For example, researchers have sought to block
the major antigen presentation functions of CAR T cells,
such that the cells will not be attacked by the host im-
mune system [11]. Additional efforts have aimed at mak-
ing CAR T cells capable of remaining active in the
milieu of a solid tumor [15]. An important improvement
of CAR T cell persistence in vivo was achieved by the
introduction of a tethered IL15 cytokine along with its
receptor onto the surface of CAR T cells, which could
provide CAR T cells with memory phenotype and in-
creased persistence within the tumor microenvironment
[16]. As several cellular receptors serve to limit the ex-
cessive activation of an immune response, checkpoints
exist to limit clonal proliferation. Tumors adapt these
checkpoint signals and blunt the effects of tumor infil-
trating lymphocytes. Examples of such receptors on T
cells are PD-1 [17] and CTLA-4 [11], which act as
checkpoint mediators.
Interestingly, important phenotypic changes may be

brought about by T cell culture conditions. It was recog-
nized that transduced T cell cultures can be expanded
over 100-fold above the initial cell numbers. However, it
was also reported that culture for over 10–14 days yields
expanded T cells that are less well suited for immuno-
therapy [18]. Therefore, it was proposed that ex vivo cul-
ture should be limited to between 3 and 5 days before
the CAR T cells are administered to a patient [18]. Not-
ably, agonists or antagonists of signal transduction path-
ways may be useful additives to the culture medium
because the treated T cells achieve a central memory
phenotype, which increases the likelihood that T cells
will resist exhaustion in vivo and continue to generate
effector T cells over an extended time [19–21].

New CAR designs and implementations
Starting in 2012, several laboratories observed that, if
the endogenous T cell receptor (TCR) in CAR T cells
is inactivated, the safety profile of the genetically
modified T cells improves [7, 9, 22]. Thereby, the
foundations were laid to develop lines of CAR T cells
that are potentially suitable for use in allogeneic
transplants. In additional studies, researchers discov-
ered that the efficacy and performance of CAR T
cells may be improved by insertion of the CAR

transgene into the endogenous TCR locus [23]. Re-
searchers conducted experiments in which either the
TCR alpha (TRAC) or the TCR beta (TRBC) constant
domain loci were selected for CAR transgene integra-
tion sites and both resulted in similar performance
improvements.
The initial experiments used a variety of nucleases to

induce gene editing, but over time, the ease of use and
versatility of the CRISPR/Cas9 system prevailed in most
laboratories [6]. Once robust methods for cell transfec-
tion with mRNA for the Cas9 enzyme (or other nucle-
ases) were established, other endogenous loci were also
inactivated, including the class I HLA, or the beta-2 mi-
croglobulin gene [6, 11]. In continuation, researchers
turned their attention to the editing of genes that make
CAR T cells susceptible to negative regulation in the
tumor microenvironment. For these experiments, re-
searchers used site-specific nucleases to inactivate PD-1,
CTLA-4 and Fas [24], each of which may inhibit effector
functions of T cells and thereby contribute to T cell sup-
pression by tumor cells, which often express ligands that
induce checkpoint regulation.
In general, the benefits of endogenous TCR inactiva-

tion include the lack of interference with CAR signaling
and the reduced likelihood that the CAR T cells could
lead to graft-versus-host responses. Conversely, deletion
of checkpoint inhibitors promises to overcome one of
the hurdles in the application of CAR T cells in solid tu-
mors, an important objective in oncologic CAR therap-
ies. One recent advance toward generating universal
donor CAR T cells with increased resistance to tumor-
induced immune suppression was achieved by re-
searchers at the University of Pennsylvania. In their
study, deletion of multiple T cell genes in the same cells
was accomplished by the introduction of gRNAs as part
of the lentiviral genome [11]. The U6 promoter drove
expression of gRNAs, whereas the anti-CD19 CAR was
expressed downstream from the EF1 alpha promoter/en-
hancer cassette. The Cas9 nuclease was added as mRNA
or as protein to the cells by electroporation. These re-
searchers successfully inactivated the endogenous TCR,
HLA class I, Fas, PD-1 and CTLA-4 genes.
The introduction of gRNA together with mRNA for

Cas9, when followed by flow sorting of the resulting
population of cells, can help to produce nearly uniformly
gene-edited progeny. Clearly, the CAR T cells that are
recovered might still represent a germline mosaic in
terms of complete gene disruption, CAR expression and
second-site mutations [25]. Inclusion of guide RNA
within the regulatory sequences of the CAR lentivirus
improves targeting of the editing process to CAR T cells
[26]. The goal of a “universal” CAR T cell source, how-
ever, will need to be combined with a highly accurate
and comprehensive assessment of genome integrity [27].
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Beckoning CAR roadmaps
The last few years have seen a full blossoming of creative
applications of the basic CAR T cell approach [28]. The
field has seen the introduction of CAR transgenes into
different cell lineages, such as natural killer cells (NK
[29–31];) and regulatory T cells (Tregs [32];), the further
modification of the engineered gene products [5], the
testing of “off the shelf” CAR T cells [33], and the initial
applications to fields outside of immuno-oncology (see
below). Here, only examples that illustrate the breadth
of the scientific advances are provided, rather than a
complete accounting of the field.
Due to the success of the anti-CD19 CAR approach,

further modifications of the CAR fusion protein have
taken center stage. The expansion of CAR T cell specifi-
city includes other B cell markers such as CD20 [34],
CD22 [35], and B cell maturation antigen (BCMA [36];),
but also surface markers that are predominantly
expressed on specific cancer cells. Some of these have
been combined, for example CD19 and CD20, in part to
avoid the outgrowth of escape variants [37]. Additional
CAR targets include HER2 [38], IL13Rα2 (glioblastoma
[39];), MUC1 (variety of cancers, [40]), and B7-H3 (wide
range of tumor types [41];). The basic structure of a sec-
ond or third generation CAR has been altered in major
ways, such that a TCR-associating chimeric protein was
designed and tested [42]. An important advance was
achieved by showing that two extracellular targeting do-
mains can be connected to two separate signaling do-
mains, such that cytotoxic activity is only induced if
both targets are present on the same cell [43]. This
modification, which separates signaling through CD3zeta
from CD28 co-stimulation, allows the increased on-
tumor specificity in situations where a unique tumor tar-
get is unavailable.
Modifications of CAR structure also involved minor,

yet highly significant variations, such as the point-
mutations of tyrosine residues in the CD3zeta tail of an
anti-CD19 CAR [44]. The reduction in CAR signaling
dramatically increased efficacy and persistence of CAR
function, a result that confirmed previous studies from
the Rosenberg lab [45, 46]. The important conclusion
from these studies is that the signaling strength of the
CAR cytoplasmic domain determines the capacity of the
CAR T cells to maintain long-term persistence in the re-
cipient. If signal transduction is too powerful, the CAR
T cells will show potent activation but also a greater ten-
dency toward exhaustion, a state in which activated T
cells no longer respond to antigen.
Studies suggest that one critical determinant of CAR T

cell efficacy is the capacity of CAR T cells to acquire a T
central memory phenotype (TCM) in vivo. This character-
istic enhances persistence in the host, supports extended
capacity for cell division and favors differentiation into

effector T cells [47]. One marker for TCM is the abundant
expression of CD62L, also known as L-selectin, which rep-
resents a useful indicator of the in vivo potential of CAR
T cells. The potential of CAR T cells for TCM function
was assessed following growth under different culture
conditions. Culture in the presence of Akt-1 inhibitor [19]
or with RORgamma agonists [21] imbued CAR T cells
with a durable memory phenotype and ensured their
long-term in vivo engraftment and efficacy.
An important development in the field of CAR T cell

therapy has been the extension of the basic immunother-
apy principles to clinical situations in which a “reboot” of
the immune system is desirable and potentially curative.
Two major areas of immunology have seen efforts to em-
ploy CAR T cells to combat chronic infections and auto-
immunity. For treatment of HIV infections, neutralizing
antibodies to HIV were used as source of the extracellular
binding domain for a newly designed CAR that showed
promise in CAR T cell culture systems [48], although
improvements in other aspects of the fusion protein and
expression system still are deemed necessary [49]. Chronic
hepatitis B infections may also become treatable with
CAR T cells, as suggested by pre-clinical studies [50].
In pre-clinical studies of two autoimmune diseases,

pemphigus vulgaris and systemic lupus erythematosus,
CAR T cells showed remarkable efficacy in alleviating
the manifestations of autoimmunity. To treat pemphigus
vulgaris, desmoglein-specific B cells, the main culprits in
this skin disorder, were targeted by CAR T cells offering
portions of desmoglein as “bait” to bind and kill the B
cells [51]. The success of this study encourages clinical
trials in this, previously refractory, autoimmune disease.
In a study from our lab, we applied anti-CD19 CAR T
cells to a classic autoimmune disorder called systemic
lupus erythematosus (SLE). In two strains of lupus mice,
disease manifestations were stopped or reversed by treat-
ment with standard anti-CD19 CAR T cells, reflecting
the sustained persistence of CAR T cell function [52].
The efficacy of the CAR T cells mirrored the persistence
of CAR T cells for over 1 year after infusion into the re-
cipient animals. Consequently, the treated mice attained
a near-normal life span. Studies such as these open the
door to other applications in autoimmune disorders, in
which B cells have defined contributions to pathogenesis.

Commercial interest in CAR technology
With the approval of anti-CD19 CAR T cells for human
therapy of B cell malignancies and with the impressive
valuation of the initial companies that entered the CAR
T cell biotechnology field, commercial interest in CAR
technology companies rapidly increased. The first com-
panies, Novartis and Kite, reported results from clinical
trials that led to the FDA approval of CAR T cell prod-
ucts named Kymriah and Yescarta. Currently, there are
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over 200 CAR T cell clinical trials worldwide and over
40 biotechnology companies participating in some man-
ner in the further development and testing of CAR T
cell therapies. These include established pharmaceutical
companies that have acquired smaller start-ups with the
technical expertise in the field, but also growing and in-
dependent companies such as Atara Biotherapeutics,
Bellicum Pharmaceuticals, Bluebird Bio, Cellectis, Fate
Therapeutics, Lyell Immunopharma, Precision Biosci-
ences, Sorrento Therapeutics and Ziopharm Oncology,
among others. With the broad and growing interest of
investors, and fueled by exciting discoveries in applying
the new CAR T cell therapies in healthcare, expansion
in this area of biotechnology is more than likely to
continue.

Conclusions
The exciting confluence of molecular biology techniques,
engineering of immune cell types, and the successful tar-
geting of cancer surface antigens opened the doors to
the wider application of immunotherapies for a growing
number of diseases that heretofore were untreatable. We
are fortunate to experience the seamless and rapid tran-
sition between genetic analysis, molecular design, testing
in animal models and application to the clinic. Within a
few short years, creative and almost intuitive designs of
new therapies are rapidly generating new data and justi-
fying applications to a growing number of patients. Fu-
ture challenges will be the development of safe and
widely applicable immunotherapies that will bring pros-
pects for the lasting cure of chronic, progressive and le-
thal disorders that have plagued mankind.
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