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Performance-enhancing drugs: design and production of
redirected chimeric antigen receptor (CAR) T cells
BL Levine

Performance enhancement of the immune system can now be generated through ex vivo gene modification of T cells in order to
redirect native specificity to target tumor antigens. This approach combines the specificity of antibody therapy, the expanded
response of cellular therapy and the memory activity of vaccine therapy. Recent clinical trials of chimeric antigen receptor (CAR)
T cells directed toward CD19 as a stand-alone therapy have shown sustained complete responses in patients with acute
lymphoblastic leukemia and chronic lymphocytic leukemia. As these drug products are individually derived from a patient’s own
cells, a different manufacturing approach is required for this kind of personalized therapy compared with conventional drugs. Key
steps in the CAR T-cell manufacturing process include the selection and activation of isolated T cells, transduction of T cells to
express CARs, ex vivo expansion of modified T cells and cryopreservation in infusible media. In this review, the steps involved in
isolating, genetically modifying and scaling-out the CAR T cells for use in a clinical setting are described in the context of in-process
and release testing and regulatory standards.
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INTRODUCTION
Cell-based therapies have been under investigation for a number
of years in a variety of clinical applications, including tissue
regeneration, immune reconstitution, vaccination, and generation
of antigen-specific cells. More recently, a great deal of research
has investigated the therapeutic potential of enhancing the
immune response in cancer. A variety of therapeutic approaches,
including adoptive T-cell therapy, have attempted to harness the
cytotoxic potential of immune cells in targeting cancers. Following
collection from the patient or a matched donor, T cells may be
enriched and expanded ex vivo.1 Early studies attempted to source
tumor-specific T cells from surgically excised tumor tissue. T cells
could be expanded and tested for tumor specificity and significant
clinical responses were observed in a subset of patients.1 In
another early strategy, repeated ex vivo stimulation of peripheral
blood mononuclear cells with antigen-presenting cells (APCs)
expressing viral or tumor antigens was shown to generate a large
number of antigen-specific cytotoxic T cells.2 The challenge in
these early approaches was not only in their labor-intensive
requirements and several weeks of culture, but in defining a
consistent and potent T-cell product.
A more efficient path to augment the immune response to

cancer can be found through gene transfer. T-cell receptors with
high avidity to tumor antigens can be identified, cloned and
transduced into patients’ T cells for subsequent reinfusion, thereby
redirecting cytotoxic T-cell activity against select tumor antigens.3

Recent advances in gene transfer technologies, particularly with
retroviral and lentiviral vectors, have ushered in an era of com-
bining cell-based therapies with gene-based therapies, in which
genetically engineered chimeric antigen receptors (CARs) or
tumor-specific T-cell receptor genes are expressed in immune

effector cells.4 CARs combine intracellular signaling domains with
a single-chain variable fragment of an antibody (Ab) into a single
chimeric protein.
The first CARs consisted of chimeric T-cell receptor with the

antigen-binding site of an Ab.5 The use of ‘first-generation’ CARs
consisted of Ab-binding domains and the CD3ζ signaling domain.
In clinical trials in patients with various cancers, including lym-
phoma and ovarian cancer, these showed only modest efficacy,
primarily owing to insufficient activation, expansion and persis-
tence of the modified T cells.6–9 Physiologically, T cells are acti-
vated via two signals: (1) engagement of the T-cell receptor with
the presented antigen, and (2) engagement of costimulatory
molecules such as CD28, 4-1BB, OX40 or CD40L.10 However,
tumors do not generally express the ligands to activate the costi-
mulatory molecules and the absence of costimulation leads to
anergy and insufficient in vivo expansion. In fact, many tumors
express ligands that engage negative costimulatory receptors.
Addressing this limitation ‘second-generation’ CARs were devel-
oped that incorporated costimulatory domains, such as CD28 or 4-
1BB (CD137), to enhance survival and increase the proliferation of
the genetically engineered T cells, leading to increased antitumor
activity.11–14 In 2011, a team at the University of Pennsylvania used
modified T cells employing a lentiviral vector to express a second-
generation CAR; this CAR retargets genetically engineered T cells
to CD19 and stimulates T-cell activation and proliferation. CD19 is
present on B-cell leukemias and lymphomas as well as on healthy
B cells, but not on hematopoietic stem cells or other tissues. An
efficient method of activating and expanding T cells for this trial
and subsequent trials is described in this article. The redirected
T cells have produced lasting complete responses in clinical trials
in most pediatric and adult patients with relapsed/refractory acute
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lymphoblastic leukemia and some adult patients with relapsed/
refractory chronic lymphocytic leukemia.15–17

Considerations of CAR components
CARs are chimeric constructs composed of several domains
derived from different proteins, namely: (1) an antigen recognition
domain that is usually taken from an Ab, (2) a CD3ζ T-cell co-receptor
signaling domain, and (3) a costimulatory domain required for T-cell
activation during antigen presentation.11–14 CD19 is currently the
most actively investigated target in CAR T-cell therapy and has
spurred the development of a number of CD19 CARs. CD19 CARs
vary by type of costimulatory domain- none, CD28 or 4-1BB
(CD137), source of anti-CD19 Ab, and gene delivery method
(Table 1).9,16,18–23 Although a number of CARs have proceeded to
clinical trials, there are CAR T-cell properties, ranging from vector
design to the manufacturing process, that may be further
improved and require additional investigation.
In general, the process of CAR T-cell manufacturing and delivery

involves the following major steps (Figure 1): (1) leukapheresis:
apheresis in which a patient’s T cells are harvested from peripheral
blood; (2) T-cell activation: T cells are activated using Ab-coated
beads that serve as artificial dendritic cells (DCs); (3) transduction
or transfection: T cells are genetically transduced or transfected
ex vivo with a construct encoding the anti-gene target chimeric
antigen receptor; (4) expansion: gene-modified cells undergo
further ex vivo expansion; (5) chemotherapy: the patient receives
a preparative lymphodepleting regimen before T-cell infusion;
(6) infusion: genetically engineered T cells are infused into the
patient. In this review, we describe the procedure of isolating and
manufacturing genetically engineered T cells for use in a clinical
setting, taking into account reagents, in-process testing and
regulatory considerations.

ISOLATING AND MANUFACTURING T CELLS FOR CAR T-CELL
THERAPY
Harvesting T cells—leukapheresis and T-cell selection
Apheresis (Greek for ‘to take away’) is the process in which whole
blood is removed from an individual’s body and separated into
components, one or more components are removed, and the
remainder is returned to circulation.24 Overall, apheresis is a
largely safe procedure for both healthy donors and patients. A
recent retrospective analysis of 15 763 procedures found only 59
(0.37%) moderate to severe adverse events including dizziness or
fainting episodes (0.12%), citrate toxicity (0.02%), a combination of
dizziness/fainting and citrate toxicity (0.11%), vascular injuries
(0.07%) and miscellaneous events (0.04%).25 Leukapheresis should
take place before administering lymphodepleting chemotherapy
as an absolute T-cell count below 200–300 will likely result in a
poor T-cell collection.

Collection by leukapheresis will normally take place in the
absence of hematopoietic stem cell mobilizing agents (that is,
steady state). In settings where CAR T-cell therapy may take place
in the setting of stem cell transplantation, or when a mobilized
leukapheresis product has been previously collected and the
patient is profoundly lymphopenic, the use of a mobilized product
may be desired or necessary. The literature shows that there is
conflicting evidence as to the effect of mobilizing agents on T-cell
function. Reports show that granulocyte colony-stimulating factor
(G-CSF) mobilization skews T cells toward a Th2 phenotype and
impairs signaling through CD28.26,27 Depletion of monocytes from
the collected product may reduce the effect, but one study showed
that there appeared to be a direct effect upon T cells.27 However, a
recent study showed that functional virus-specific T cells could be
isolated from G-CSF mobilized units.28 Interestingly, when T-cell
function in plerixafor mobilized unit was compared with the T-cell
function in G-CSF mobilized units, decreased CD62L expression
and altered cytokine-associated gene expression were noted in
G-CSF, but not plerixafor mobilized units.29 The potency of T cells
isolated from mobilized apheresis units may therefore vary
depending on the mobilization regimen, patient treatment
history, method of T-cell isolation and stimulation.
The duration of the apheresis procedure depends on multiple

factors, including the efficiency of apheresis machines, the types
of target cells and their number in the blood, patient weight and
number of cells desired.30 In order to stop the blood from clotting
in the apheresis device, anti-coagulants such as citrates are mixed
with blood as it is being pumped through the machine.31 An
automated cell-washing device, such as the Haemonetics
(Braintree, MA, USA) CellSaver, can be used to wash the apheresis
product out of the collection buffer. Many research and stem cell
laboratories still use the COBE 2991 Cell Processor (Terumo BCT,
Lakewood, CO, USA), which is a batch-fed closed-system
centrifuge that has been used in cell processing applications for
430 years. A number of laboratory devices may be used to
separate or enrich the T-cell or lymphocyte fraction from the
leukapheresis product. Counterflow centrifugal elutriation is used
to separate cells according to size and density based on the cell’s
sedimentation velocity, resulting in high purity, good recovery and
excellent cell viability.32 Depletion of monocytes and isolation of
the lymphocytes may be performed by directly loading the
leukapheresis product into a Terumo Elutra Cell Separation
System.33 Further separation of cell subsets within the lymphocyte
fractions from an elutriated product can be performed via
magnetic separation of cells labeled with nanoparticle-
conjugated antibodies coated on cells. The Miltenyi CliniMACS
Instrument (Bergisch Gladbach, Germany) is an electromechanical
device that accepts a closed and sterile single-use tubing and
column set, allowing CD4+, CD8+ or CD25+ T cells to be isolated
or depleted from elutriated lymphocyte fractions or directly from
the apheresis product. The CliniMACS and the cell-preparation bag

Table 1. Examples of CD19 CARs that are under investigation

CAR components Institution Antigen-binding domain Costimulatory domain Vector

CD19-4-1BB-CD3ζ Novartis/UPenn Anti-CD19 from FMC63 hybridoma clone 4-1BB (CD137) Lentiviral
CD19-CD28-CD3ζ Juno/MSKCC Anti-CD19 from SJ25C1 hybridoma clone CD28 Retroviral
CD19-CD28-CD3ζ Kite Pharma/NIH Anti-CD19 from FMC63 hybridoma clone CD28 Retroviral
CD19-CD28-CD3ζ MD Anderson/City of Hope Anti-CD19 from FMC63 hybridoma clone CD28 Sleeping Beauty

transposon
CD19-CD28-CD3ζ Baylor Anti-CD19 from FMC63 hybridoma clone CD28 Retroviral
CD19-CD28-4-1BB-CD3ζ Baylor Anti-CD19 from FMC63 hybridoma clone CD28 and 4-1BB Retroviral

Abbreviations: Baylor, Baylor College of Medicine; CAR, chimeric antigen receptor; Juno, Juno Therapeutics; MD Anderson, University of Texas MD Anderson
Cancer Center; MSKCC, Memorial Sloan Kettering Cancer Center; NIH, National Institutes of Health; UPenn, University of Pennsylvania Health System.
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are connected by a single-use tubing set and a separation column
that contains the cell sample. Following a series of washing
steps, the purified target cells are eluted and the enriched T cells
are cultured (as generally described below). Importantly, the
ClinicMACS has a Device Master File with the Food and Drug
Administration. However, this system may result in longer
processing time, depending on the frequency of the population
and is associated with higher costs, particularly if sequential
negative and positive selection is required, because every
Ab-bead conjugate used for separation may cost several thousand
dollars.

T-cell activation and transduction
Once T cells have been collected by apheresis and separated or
enriched from the remainder of the cell population, T cells are
activated, transduced and expanded before being reinfused into
the patient. In vivo, DCs or B cells may present a variety of antigens
and costimulatory molecules to activate T cells. DCs have been
used in a variety of cell culture settings. However, autologous DCs
or B cells present a number of laboratory and particularly clinical
application difficulties, including patient inherent variability and
logistics of maintaining separate culture systems. Therefore, DCs
are not practical in a clinical setting, particularly with respect to
CAR T therapy.34 An early method for the expansion of T cells was
to co-culture them with irradiated allogeneic peripheral blood
mononuclear cells as APCs, also known as feeder cells.35 To facili-
tate expansion to specific antigens, peptides are exogenously
loaded onto the APCs. A method referred to as the ‘Rapid
Expansion Protocol,’ uses OKT3, IL-2 and irradiated peripheral
blood mononuclear cell feeders to generate a 500- to 2000-fold
expansion of tumor-infiltrating lymphocytes within 14 days.36

However, there is difficulty scaling up with this technique, which
can be cost prohibitive and time consuming owing to the Food
and Drug Administration requirements for the validation and
qualification of the allogeneic feeder cells.37

A more efficient and potent method of T-cell activation—and
the one used in the CAR T therapy that is the furthest along in
clinical development, CTL019—is via stimulation with anti-CD3/

anti-CD28 monoclonal Ab (mAb) coated paramagnetic 4.5-μm
diameter beads (Life Technologies, Carlsbad, CA, USA), which can
also enable simultaneous positive selection and activation of
T cells.38,39 Both the antibodies are covalently linked to the same
surface. The anti-CD3 mAb provides a strong proliferative signal
through the T-Cell receptor complex and the anti-CD28 mAb
provides a potent costimulatory signal. In this method, CD4+
T cells have shown strong evidence of activation that produces
cytokines at levels 1 to 2 logs higher than anti-CD3 mAb plus IL-2,
and high levels of proliferation38,40Nanomatrix beads coated with
anti-CD3 and anti-CD28 antibodies are also commercially avail-
able, though their use in clinical trials has not yet been reported.40

Concurrently with activation with 4.5-μm diameter beads, T cells
are transduced with a viral vector containing the CAR transgene. A
packaging line is used to generate the viral vector, that is able to
transduce target cells and contains the transgene of interest.41,42

The vector is incubated with the cells for several days and then
washed out.

Considerations of CAR delivery systems
Different vectors have been used including lentiviral and retroviral
vectors, as well as transfection of the Sleeping Beauty transposon
system.22,23,43 Currently, viral transduction with either murine
retroviral or lentiviral vectors is the most frequently used method
of gene transfer for mammalian gene therapy because of the high
efficiency of gene delivery.44 After transduction, the retrovirus
(RNA is reverse transcribed) to produce viral DNA, which can then
be integrated into the host DNA, allowing for stable long-term
gene expression. However, retroviruses only efficiently transduce
dividing cells. Furthermore, the site of integration for retroviruses
appears to be nonrandom and there are data suggesting a
preference for insertion into promoters of host genes, leading to
aberrant gene expression and oncogenicity—though this was
more readily observed in stem cells rather than T cells. Finally,
gammaretroviral vectors are more susceptible to transgene
silencing by host restriction factors.45

Lentiviruses require the presence of several regulatory genes for
neutralizing host cell defenses, mitigating immune responses and

Figure 1. Overview of CAR T therapy in the clinic. Figure reprinted from Novartis. Copyright 2014 Novartis. Used with permission.
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regulating viral replication.46 As lentiviruses integrate into the host
genome, there is the likely benefit of long-term, stable expression.
Furthermore, lentiviruses theoretically have a lower risk of
insertional mutagenesis than retroviral vectors because they
usually integrate away from host promoters.46,47 In a Phase 1/2
study evaluating the safety of lentivirus-modified CD4+ T cells
infusion in early-stage human immunodeficiency virus-infected
subjects, it was shown that there was no preferential survival or
expansion of cells with integration sites near proto-oncogenes
or tumor suppressor genes.48 The data to date suggest that it
is extremely unlikely that the observed persistence of T cells
genetically modified by lentiviruses is due to the dysregulation of
the proliferative and survival pathways. Multiple generations of
split-component lentiviral constructs have been developed to
improve safety and increase transgene expression. In the case of
CTL019, this generation of lentiviral construct separates viral
genes onto three different plasmids: two packaging plasmids and
an envelope plasmid; the fourth plasmid carries the transgene,
namely the CAR.49 When ex vivo transduced cells are in culture for
a period of time⩾ 4 days from the start of transduction retrovirally
transduced or lentivirally transduced cells must be tested for
replication competent virus as per the Food and Drug Adminis-
tration guidance.50 To improve the efficacy of transgene integra-
tion into the modified T cell, the Sleeping Beauty transposon and
transposase have also been investigated.22,43 In this process, two
DNA plasmids, one containing the transgene of interest and the
other containing the transposase, are transfected using electro-
poration. Stably transfected cells can then be stimulated by
irradiated antigen-presenting cell (aAPC).

Ex vivo culture systems
Various cell culture systems may be used for this process of activa-
tion, transduction and expansion. Traditional static cell culture
systems are expensive, labor intensive and do not scale easily.
Furthermore, and more importantly, open cell culture systems are
not compatible with the standards for large scale clinical and
commercial production. Therefore, bioreactor culture systems
provide substantial advantages over traditional static cell
culture.51 Currently, two systems, namely the WAVE Bioreactor
(GE Healthcare Bio-Sciences, Piscataway, NJ, USA) and the G-Rex
Bioreactor (Wilson Wolf, New Brighton, MN, USA), are under
investigation for their ability to scale out and commercialize cell
therapies. The WAVE Bioreactor provides a sealed system, is
scalable and disposable, and permits oxygen transfer and mixing
via wave-induced agitation. This system has shown a preference
for CD4+ T-cell growth; CD8+ T cells express a slightly less
activated and differentiated phenotype.51 In the G-Rex Bioreactor
system, cells grow on a gas-permeable membrane, providing a
highly oxygenated environment. Although the static G-Rex
Bioreactor flasks are compatible with standard tissue culture
incubators and have shown comparable or even improved
expansions compared with the WAVE Bioreactor system, produ-
cing large cell numbers currently requires many flasks.51 In our
experience in CTL019 manufacturing, transduced T cells are
expanded in WAVE Bioreactor bags.
After expansion in the bioreactor for a period of 9–11 days, the

magnetic beads are removed and the cells are harvested, washed
and cryopreserved in an infusible medium. At the time of harvest
following ex vivo expansion, the volume of the cell culture may be
as much as 5–10 liters and, therefore, several rounds of washing
and concentrating the product are required. A cell processor, such
as a Haemonetics CellSaver, which provides a closed and sterile
system, can be used for the washing and concentration steps
before formulation and cryopreservation. Recently, a closed-
system formulation kit (CryoDoc system) has been developed
and consists of closed-system tubing and manifolds without the
need for a good manufacturing practices-grade clean room.52

After release testing for specified criteria, the cryopreserved,
genetically modified T cells are shipped back to the treatment
center where the cells are thawed and infused into the patient.

IN-PROCESS AND RELEASE TESTING CONSIDERATIONS
Gene-modified cellular therapy products are regulated by the
Food and Drug Administration Center for Biologics Evaluation and
Research in the United States, or by parallel agencies in other
regions, such as the European Medicines Agency in the European
Union. Furthermore, cell-therapy products that are intended for
either investigation or licensed therapeutic use in humans must
be manufactured using current Good Manufacturing Practices
(cGMP). Requirements for in-process and release testing for CAR T
therapy contrast with those for most other cellular therapy
products because additional testing related to the vector
transduction and production must be performed. Owing to the
time required to perform the testing that includes transduction
efficiency, measuring residuals from vector production and testing
for the absence of replicate competent virus, gene therapy
products are cryopreserved. Testing can therefore be performed
and repeated as necessary, which also can be beneficial. In-
process testing may include the mycoplasma assay on preharvest
cells, cell phenotype, and assays analyzing the decline or absence
of contaminating tumor cells.
Testing is intended to certify (1) safety: using preclinical experi-

ments and in-process or final product testing to ensure the
removal of reagents that were used in the manufacturing process,
(2) sterility: to ensure that the final product is free from
contaminating microorganisms, (3) purity: to ensure the removal
of any extraneous matter, (4) potency: to examine whether the
therapeutic capability of the cell product will be as it was intended
(this may not be confirmed until later phase 2 or phase 3 clinical
trials), (5) identity: to establish and certify the product character-
istics via the use of macroscopic or microscopic methods, specific
cultural tests, or in vitro or in vivo immunological tests.

LABORATORY TECHNIQUES IN DEVELOPMENT TO INCREASE
MANUFACTURING EFFICIENCY
Artificial APCs
Artificial aAPCs have been developed from K562 cells, a chronic
myelogenous leukemia cell line that does not express the
major histocompatibility complex or T-cell-related costimulatory
ligands.53–55 These cells have been transduced with lentiviral
vectors, resulting in the specific expression of stimulatory and
costimulatory molecules for the activation and expansion of
different subsets of T cells. In addition to expressing CD32 or
CD64, the high-affinity Fc receptor that can bind anti-CD3 and
anti-CD28 mAbs, K562 cells can be modified to express other
molecules on their surface, such as 4-1BB or a wide variety of
other costimulatory receptors. These aAPCs have have been
shown to result in increased activation and expansion of T cells
compared with the magnetic bead–based aAPC.55 K562 cells may
also be engineered to express cytokines and have a history in
clinical trials as tumor antigen vaccines.56,57 Therefore, K562 cells
may be an ideal cell scaffold on which the desired major histo-
compatibility molecules and costimulatory ligands can be
expressed for the use of T-cell activation and expansion.
Antigen-independent aAPCs have been developed by geneti-

cally modifying cells to express receptors specific to a domain
present on CARs.58,59 These genetically modified cells are then
used in co-culture as aAPCs to stimulate the specific expansion of
CAR T cells, which may be of varied specificities as long as the
conserved IgG4 extracellular domain is expressed. Antigen-
dependent aAPCs are also under investigation.60 In this technique,
peripheral blood mononuclear cells are genetically modified to
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express both a target tumor-associated antigen and a costimula-
tory molecule, most notably PSCA antigen, CD80 and 4-1BBL.
Stimulation is achieved via co-culture after 10 days, and in one
study, this technique was shown to enrich the frequency of CAR
T cells from o40% to nearly 90%.60 When combined with the
G-Rex Bioreactor culturing system, this antigen-dependent aAPC
approach resulted in nearly 490-fold increase in T cells with only
1 liter of culture medium.60

Temporary CAR expression
The temporary expression of CARs in T cells has been shown in
preclinical models via RNA electroporation.61–63 One of the
benefits of the temporary expression of CARs in T cells is the
possibility of examining their clinical safety in a self-limiting
manner, particularly if there are concerns regarding the on-target,
but off-tumor toxic effects. Furthermore, it is possible that multiple
injections of messenger RNA CAR T cells may also be more
economical than retroviral and lentiviral vectors when considering
the initial evaluation of novel CARs. It is yet unknown whether
multiple, repeated treatments with RNA-electroporated T cells will
yield similar efficacy to that of stably expressed CARs in a clinical
setting, but preclinical models seem promising,64,65 as do early
clinical data. Recently, it was reported that the adoptive transfer of
messenger RNA CAR T cells targeting mesothelin displayed
antitumor activity in two patients in ongoing clinical trials.66

FUTURE OF CAR T THERAPY MANUFACTURING
The majority of current CAR T therapies use a process that begins
with selecting for and isolating a population of collected cells
enriched for the patient’s own T cells for genetic modification.
Clearly, there are technical and financial challenges in manufac-
turing single-patient product lots. Thus, preclinical development
has been done toward generating universal T-cell products in
which ‘off-the-shelf’ CAR T-cell therapies from allogeneic donors
could be used, coupled with a knockdown of histocompatibility
antigen genes. Although further investigation is needed with
respect to the preclinical work before reaching clinical trials
and approval, the successful development of ‘off-the-shelf’ CAR
T cells would likely lead to therapies that would be easier to
manufacture.
The significant hurdles to ‘off-the-shelf’ CAR T cells are potency

and, especially, persistence. Recently, several pharmaceutical and
biotechnology companies have entered the field of CAR therapy
development and it is likely that the existing infrastructure
required for the manufacturing and distribution of CAR T cells will
also reduce the cost and increase efficiency.67 Until such time, it is
crucial to critically examine current manufacturing techniques, in-
process and release testing standards, and efficacy in the clinic.
Clearly a streamlined process is desirable, but more importantly
may also lead to increased therapeutic efficacy in patients,
particularly those with advanced malignancies.
Several challenges of CAR T-cell therapy have been identified

and are currently under investigation, including the presence of
host immunity against the transgene and/or vector, the risk of
insertional mutagenesis, and ensuring the persistence of the
transgene and/or transgenic target cells. In the clinic, immuno-
therapy for cancer treatment has shown some promising results,
particularly the use of CAR T-cell therapy, which combines the
specificity of gene therapy, the expanded physiological response
of cellular therapy and the memory activity of vaccine therapy.
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