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A B S T R A C T

Chimeric Antigen Receptor T (CAR-T) cells are certainly an important therapy for patients

with relapsed and/or refractory hematologic malignancies. Currently, there are five CAR-T

cell products approved by the FDA but several research groups and/or biopharmaceutical

companies are encouraged to develop new products based on CAR cells using T or other

cell types. Production of CAR cells requires intensive work from the basic, pre-clinical to

translational levels, aiming to overcome technical difficulties and failure in the production.

At least five key common steps are needed for the manipulation of T-lymphocytes (or other

cells), such as: cell type selection, activation, gene delivery, cell expansion and final product

formulation. However, reproducible manufacturing of high-quality clinical-grade CAR cell

products is still required to apply this technology to a greater number of patients. This

chapter will discuss the present and future development of new CAR designs that are safer

and more effective to improve this therapy, achieving more selective killing of malignant

cells and less toxicity to be applied in the clinical setting.
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Introduction

Currently, there are five CAR-T cell products approved by the

FDA and produced by big pharmaceutics’ companies using

automated or semi-automated systems, allowing the

manufacturing of CAR-T cells at a large-scale level. Neverthe-

less, other distinct protocols using similar or different tech-

nologies for the generation of autologous or allogeneic CAR-T

cells or CAR-NK cells are currently under development.

Manufacturing of these cells require an intensive work from

the basic, pre-clinical to translational levels, aiming to over-

come technical difficulties and failure in the production.1

Characteristics of the final product, including the number of

obtained modified cells, and its degree of activation and func-

tionality, may also vary accordingly to the distinct outlines

and patients’ intrinsic features.

In general, the production of autologous CAR-T cells

requires at least five key common steps for the manipulation

of T-lymphocytes, such as: cell type selection, activation,

gene delivery, cell expansion and final product formulation

(Figure 1; Table 1). Subsequently to the manufacture, a quality

control testing is required prior the infusion of CAR-T cells

into the patients.

In this chapter we summarize the key steps for autologous

CAR (-T or others) cells production including some novel tech-

nologies that are under development or in phase I/II clinical

trials.

Key steps for CAR cell manufacturing

1) Cell type selection

The first step in CAR-T cell production is obtaining donor/

patient T lymphocytes from peripheral blood mononuclear

cells (PBMCs) using whole blood samples or a leukapheresis

product. Subsequently, researchers might isolate CD3 positive

T cells or other specific subset of these cells. The most com-

mon approach to enrich for target T cells is by immunomag-

netic separation (IMS), using magnetic microbeads

conjugated to antibodies specific for markers of target (posi-

tive) or non-target (negative) cells in order to separate a spe-

cific population.2 Usually, T cells are positively selected with

CD3+marker but CD4+ and CD8+ selection can also be applied

to specific isolation of helper or cytotoxic phenotypes, espe-

cially when specific CD4:CD8 ratios are intended.3

Other T cell subsets are of special interest due to some par-

ticularities that might improve CAR-T cell function. Gamma-

delta T cells (gd) have being explored as a specific group that

exhibit a natural anti-tumor reactivity and do not require

antigen presentation via MHC complex for recognition and

activation, increasing the scope of CAR-T cell application in

the allogeneic context.4 Besides, the expansion of these cells

in culture has been proven feasible with the application of IL-

2 and bisphosphonates.4,5

Antigen-specific cytotoxic T cells (CTLs) such as Epstein-

Barr Virus (EBV)-CTLs, whose efficacy on the immunotherapy

setting has been widely demonstrated, are also being

explored as a source for CAR-T cell production. The co-culti-

vation of PBMCs with irradiated EBV B-lymphoblastoid cell

lines (LCLs) enriches for EBV-CTLs in culture, allowing their

expansion and further engineering for applications in B cell

malignancies and EBV-related infections6 (Table 1).

Alternatively, other cell types are currently under evalua-

tion in pre-clinical or phase 1-2 trials, such as macrophages

and NK cells. Klichinsky et al have reported the insertion of

anti-HER2 CARs in both THP-1 macrophage cell lines and pri-

mary human macrophages (CAR-M).7 Anti-HER2 CAR-M were

efficient for ovarian tumor cells phagocytosis and elimination

in vitro and in pre-clinical xenograft models of SKOV3 tumor

cells. Additionally, Liu and collaborators have recently pub-

lished the first phase 1-2 trial using CAR-NK cells derived

from cord blood cells.8 Eleven patients with relapsed chronic

lymphocytic leukemia or non-Hodgkin’s lymphoma were

treated with anti-CD19-IL-15 CAR-NK cells and data indicated

no adverse effects or toxicity for any of the individuals. Fur-

ther, around 70% of the patients responded to treatment and

CAR-NK cells were found at patients’ circulation for around

12 months.

2) Activation

Moloney Leukemia Virus (NLV) -based Retroviral vectors

require target cells to be cycling to allow gene transfer while

HIV-based lentiviral vectors benefit from T cell proliferation

to achieve high efficiency T cell transduction.9 Complete acti-

vation of T cells require signal 1 (CD3) and 2 (CD28) engage-

ment,10 which can be achieved with the employment of anti-

CD3 and anti-CD28 monoclonal for in vitro T cell activation for

gene modification. A crucial contribution came later when

beads were developed as a support for anti-CD3/CD28 anti-

bodies immobilization,11 setting the basis for most of the in

vitro T cell transduction protocols,12 with cytokine supple-

mentation (usually IL-2) largely applied to these protocols

(Table 1).

Figure 1 –General scheme for CAR-T cell production describ-

ing each defined step.
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Table 1- – Advantages and disadvantages of the technologies for CAR cell production.

Steps Advantages Disadvantages

1) Cell type selection

Positive or negative selection of

CD3+ and/or CD4+ or CD8+

Easy separation by immunomagnetic beads; high cost

Negative selection methods are inherently less

pure than positive selection methods

gd T cells Possible to use in the allogeneic setting Few numbers of cells; laborious and expensive

expansion

EBV-CTLs Use in B cell malignancies and EBV-related infections Few numbers of cells

NK cells Applicable for allogeneic settings, low toxicity

effects, several sources

Few numbers of cells; laborious expansion and dif-

ficult to genetically modify

Monocytes/

Macrophages

Applicable for allogeneic settings, low toxicity effects

on pre-clinical models, potential application for

solid tumors

Laborious transfection and expansion procedures,

no results available from clinical trials

2) Activation

Anti-CD3/CD28 beads/antibodies Efficient activation, easy handling Long cultures may induce terminally differenti-

ated/exhausted T cells

Cytokines IL-2: efficient for T cell expansion

IL-7, IL-15, IL-21: induction of memory and/or Stem-

like phenotype

IL-2: high doses and long-term cultures may induce

T cell exhaustion or expansion of regulatory CD4

+ T cells,

Stimulatory

cell lines

Efficient activation, easy handling Risk of residual stimulatory cells in the final prod-

uct, scale-up difficulties and licensing

restrictions

3) Gene delivery

Viral-Based CAR delivery Best established techniques for transgene delivery. Risk of oncogene activation, high production cost,

for clinical use (GMP) an extensive set of strict

regulations should be followed

Gamma Retroviral

Lentivirus

Used in Yescarta and Tecartus

Used in Kymriah, Breyanzi, Abecma andmany other

trials.

Safer and better integration properties. Insert genetic

material into non-dividing cells

Oncogenic properties,

high costs,

Insertion only in dividing cells,

It can be immunogenic

Economic Costs,

Risk of insertional mutagenesis,

It can be immunogenic

Non-viral-Based CAR delivery Easier to produce on a large scale, chemically charac-

terize,

greater reproducibility,

greater transgenic capacity, fewer concerns about

biosafety

Standardization of techniques is more difficult

compared to the use of viral vectors;

High rates of cell death with nucleoporation; Lipo-

fectamine-induced toxicity.

Sleeping Beauty (SB) Good results in T-cells, antitumor activity both in

vitro and in vivo,

SB100X was initiate to treat multiple myeloma

patients

Low integration rate in a large scale

Piggy bac Properties more similar to viral-based vectors, also

with CAR anti-CD73, MSLN, EGFRvIII, and PSMA to

treat solid tumors.

Two cases of malignant lymphoma derived from

CAR gene modified T-cells prepared with PB vec-

tor were reported39

In vitro transcribed (IVT) mRNA Low risk of insertional mutagenesis transient expression of CAR

Nanoplasmids Low risk of insertional mutagenesis, long-term

transgene expression suitable for large scale

production

Difficult to produce

4) Expansion

T-Flasks Most affordable consumables Time consuming, handling from trained operators,

contamination risk, no agitation

Culture bag Low risk of contamination Handling from trained operators, no agitation

G-Rex Less timing consuming from operators, superior final

volume

Handling from trained operators, no agitation

Rocking motion bioreactor Closed system, low probability of contamination,

cells kept in constant agitation, final volume up to

25 liters

Not indicated for cells sensible to shear stress
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Stimulating and culturing T cells for long period of time

can lead to terminal differentiation. To overcome this limita-

tion, and in order to optimize the phenotype of therapeutic T

cells, some groups started reducing the culturing time13,14 or

adding cytokines that can help retaining a more memory and

stem phenotype. Such cytokines include, but are not

restricted to, IL-7, IL-1515 and IL-21.16 Such stem-phenotype-

based protocols can potentially result in shorter expansion

protocols and the infusion of a lower number of cells to

achieve the same biological effect, since these cells expand

and differentiate in vivo, sustaining the antitumor response.15

This cytokine signaling can be provided by soluble mole-

cules added to the culture or by engineered cell lines that dis-

play several of these signals in the membrane, such IL-15,

several co-stimulating molecules like CD80 and even CAR-tar-

get molecules such as CD19.17 The stimulating artificial anti-

gen presenting cells (aAPC) can represent a valuable tool for

the generation of CAR-T cells. A variation of this strategy con-

sists in using LCLs as stimulating cells with the possibility of

generating CAR-T cells that target the tumor antigen and also

viral antigens. Some examples of these protocols have been

already reported in the preclinical18 or clinical setting.19

Other than cytokines, several groups are characterizing

different molecules that can be used to retain better pheno-

types for CAR-T cells to perform as potent antitumor agents

once infused in patients. These molecules include some

AKT20 or PI3K21 inhibitors amongst other candidates.

3) Gene Delivery

The success of CAR-T cell therapy depends on the selec-

tion of an appropriate vector that will transport the CAR con-

struct into the cells (Table 1). The two most commonly used

options are virus-based vectors (retroviruses or lentiviruses)

or non-viral vectors, which are predominantly transposon

vectors (Figure 2A). Currently, there are five launched CAR-T

products and all of them use viral vectors to introduce CAR

into T cells (Figure 2B).

Viral-based CAR delivery

Two of the CAR-T products currently available in the market

are based on retroviral vectors (Yescarta and Tecartus). Vector-

based on murine leukemia virus (MLV) is the most commonly

used gamma retroviral vector22 and it has been successfully

applied in other therapies such as T-cell immunotherapy for

combined immunodeficiency- (SCID) X1 disease.23 Although,

immunodeficiency disease has been successfully treated, in

some patients, leukemia has been caused by the integration

site of retroviral vector.23,24 Gamma retroviral vectors tend to

integrate close to promoter regions, which may be the cause of

their oncogenic properties. On the other hand, lentiviral vec-

tors, derived from the retroviral family, Lentiviridae, showed

safer and better integration properties than their gamma retro-

viral counterparts.25,26 Lentiviral vectors are able to insert

genetic material into non-dividing cells,27 whereas gamma ret-

roviral vectors transduce only dividing cells.28 The advantages

of the lentiviral system are reflected in the large number of

CAR-T products under development using this system and

three of the CAR-T products available on the market use lenti-

viral vectors (Kymriah, Breyanzi and Abecma). (Table 1).

Since the beginning of CAR-T cell therapy, viral vectors have

demonstrated high transduction efficiency. However, this type

of vector presents i) a risk of insertional mutagenesis,29 ii) it

can be immunogenic and iii) its manufacture is extremely

expensive.30

Figure 2 –A) Vector systems used in CAR-T cell therapies. B) CAR-T products currently on the market. Data available in the

Integrity database (Clarivate Analytics).
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Non-viral-based CAR delivery

An alternative to viral vectors is the transposon system. A

transposon is a sequence of DNA with the ability to change

position within a genome via transposase excision and inser-

tion.3 A variety of transposon-based systems have been

reported for the production of CAR-T cells. The sleeping

beauty (SB) transposon system showed good results in T-cells

modified with anti-CD19 CAR, presenting antitumor activity

both in vitro and in vivo.18 The main obstacle to using the SB

transposon on a large scale is its low integration rate. New

systems such as the SB1 and SB100X have much higher trans-

position rates than the native SB transposon.31,32 SB was the

first non-viral vector to be used in clinical trials to generate

CD19-specific CAR-T cells for treatment of NHL (Non-Hodgkin

lymphoma) and ALL (Acute lymphocytic leukemia)

(NCT00968760, NCT01497184) and recently, a new clinical trial

with SLAMF7 CAR-T cells prepared with SB100X was initiate

to treat multiple myeloma patients.33 Although the integra-

tion profile of SB can be considered biologically safe, other

transposons such as PiggyBac (PB) transposon demonstrated

properties more similar to viral-based vectors.31 PB were suc-

cessfully used in the generation of CAR T-cells against CD19

to treat hematological malignancies34 and also with CAR anti-

CD73,35 MSLN,36 EGFRvIII,37 and PSMA38 to treat solid tumors

(Table 1).

Importantly, two cases of malignant lymphoma derived

from CAR gene modified T-cells were described in patients

that received CAR-T cells anti-CD19 prepared with PB vec-

tor,39 emphasizing the need for regular monitoring of new

gene transfer methods used in clinical immunotherapy.

The risk of insertional mutagenesis has driven the devel-

opment of other innovative gene delivery methodologies

such as nanocarrier that delivers in vitro-transcribed (IVT)

CAR and nanoplasmid. In vitro transcribed (IVT) mRNA has

emerged as a new class of disruptive drugs that can be used

to delivery CAR into T-cells. Several ongoing clinical trials are

testing the efficiency and safety of engineered CAR mRNA T-

cells to treat cancer patients (NCT01355965, NCT01897415,

NCT02277522 and NCT02624258), and data suggest transient

expression of CAR after infusion of cells is already enough to

trigger antitumor responses.40

Nanoplasmids are emerging as a safer alternative to inte-

grating vectors. Plasmid vectors based on S/MAR (scaffold and

matrix attachment region) allow plasmid retention in the

host cell nucleus, through interactions with nuclear matrix

proteins ensuring proper plasmid segregation at mitosis.41

Bozza et al. 2021 demonstrates that this type of vector can be

used efficiently to manipulate human T lymphocytes, support

long-term transgene expression, can be scaled up, and is suit-

able for clinical use.42

Innovations to optimize vectors that can be used in CAR-T

cell therapy will certainly continue to emerge.

4) Expansion

The conventional protocols for T-cells activation/expan-

sion ex-vivo include a combination of the three steps for

optimal quality of the final product: activation strategy,

gene delivery and expansion. The phenotypic and functional

profiles of CAR-T cells may vary accordingly to the outline

used for expansion as well as patient intrinsic features. Some

studies have suggested advantages in the development of

CAR-T cells presenting phenotypes such as stem cell mem-

ory43 and central memory,44 thus, the processes of expansion

of CAR-T cells is critical for the quality of the final product. In

fact, the choice of culture outline for expansion represents

one of the main factors for T-cell expansion. As reviewed by

Vormittag and collaborators,3 the most used culture systems

reported in clinical trials may be categorized into three main

types: 1) plates or T- flasks, present in 22% of the studies; 2)

Static culture bags, found in 35% of the reports; and 3) Rocking

motion bioreactor, reported by 43% of the clinical trials.

Advantages and disadvantages of each of these culture condi-

tions are listed in Table 1.

Considering the variation in workflows for the obtaining of

a satisfactory number of cells for infusion, there is an urgent

need of standardization of clinical protocols.

5) Final formulation/product

The final formulation of products involves critical valida-

tion steps prior to cryopreservation. These tests aim to check

safety, purity and potency, including T cells viability and CAR

expression in the cell surface. The cryopreservation formula

might contain 5 to 10% clinical grade DMSO, along with an

electrolytic solution, human serum albumin and colloid solu-

tion in various combinations. Also, freezing rate should be

between one and two Celsius degrees per minute, at least

until -40°C, when the product could then be transferred to a

liquid nitrogen tank. The CAR-T products should also be

released under sterility and purity tests in order to ensure the

product’s safety. The standard protocols consist in testing for

bacterial, fungal and mycoplasma contamination as well as

for endotoxins.

Novel approaches for CAR-T cell products

Modulation of CAR-T functions

A series of limitations have been reported in the use of CAR-T

cells therapy. One main concern is the uncontrolled magni-

tude of CAR-T cells’ activation and expansion after

infusion.45,46 In addition, CD19-specific CAR-T cells respond-

ing patients also shown B-cell aplasia and, consequently,

hypogammaglobulinemia, a complication that usually

requires periodic intravenous immunoglobulin administra-

tion. To overcome these complications, recent studies have

described strategies to turn-on and off CAR-T cells.

Among these approaches, some groups engineered regula-

tory switches to inhibit or promote the infused cells activa-

tion. Fedorov and collaborators47 developed an inhibitory-

CAR (iCAR) system by combining the antigen recognition

domain with the intracellular inhibitory signaling via the

receptors CTLA-4 and PD-1, two molecules involved in T-cell

suppression. This strategy leads to a limited T lymphocyte

capability, reducing T cell proliferation, cytotoxicity and cyto-

kine production. Another series of studies applied the use of

small-molecules drugs able to control the magnitude of CAR-
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T cells activation.48-50 Recently, Jan and colleagues reported

the use of lenalidomide in an inducible on- vs off-switch sys-

tem for CAR-T cells activation and degradation, respectively.

For CAR-T receptor degradation, an IKZF3 zinc finger degron

tag was inserted in the intracellular domains from 4-1BB and

CD3z, which became accessible for lenalidomide binding.

This will lead to ubiquitin ligase recruitment, followed by a

polyubiquitination and subsequently transient CAR degrada-

tion. Conversely, in the ON-switch outline, authors con-

structed a two-component CAR: one subunit of the CAR

containing the CD28 transmembrane and the intracellular

domains composed by the lenalidomide-dependent zinc fin-

ger from IKZF3; and the second subunit composed by a CD28

domain, a mutated CRBN and a CD3-zeta signaling domain.

In this settings, lenalidomide-dependable dimerization

induced about fivefold increasing of CAR-T cell activation.

Bispecific/Trispecific CAR-T cells

A series of recent studies have shown the emergence of neo-

plastic B cells lacking CD19 expression in an important pro-

portion of anti-CD19 CAR-T cells treated patients, suggestive

of a scaping mechanism.51,52 Recent strategies reported CAR-

T cells carrying bispecific or trispecific TCR structures, able to

simultaneously target distinct tumor-antigens. The first

phase-1 clinical trial was reported recently by Shah and col-

laborators53 in the use of bispecific anti-CD19/CD20 CAR-T

cells to treat patients presenting B cell non-Hodgkin lym-

phoma or chronic lymphocytic leukemia. Using CliniMACS

Prodigy system (Miltenyi), non-cryopreserved bispecific anti-

CD19/CD20 CAR-T cells were tested in 22 patients. Results

indicate a high response rate (82%) and a low cytotoxicity rate

(5%) of cytokine release syndrome.

Another strategy published recently reported promising in

vitro and pre-clinical results by using trispecific CAR-T cells

able to target CD19, CD20 and CD22 antigens. Fousek et al.54

reported the construction of a trispecific anti-CD19/CD20/

CD22 CAR using a single transgene expressing the three mole-

cules with 4−1BB and CD3z endodomains. Results obtained

from in vitro and in vivo assays showed that trispecific anti-

CD19/CD20/CD22 CAR-T cells presented superior killing activ-

ity and tumor control when compared to single anti-CD19

CAR-T cells, even in tumor cell lines lacking CD19 molecule.

Accordingly, Schneider and colleagues55 reported a newly

engineered trispecific anti-CD19/CD20/CD22 CAR-T using len-

tiviral vectors by testing multiple intracellular T cell signaling

motifs. Trispecific anti-CD19/CD20/CD22 CAR-T cells were

able to efficiently eliminate and produce cytokines when

incubated to a variety of tumor cell lines expressing distinct

levels of CD19, CD20 and CD22. In pre-clinical assays, engi-

neered Raji cells expressing heterogeneous levels of CD19,

CD20 and CD22 molecules were completely eliminated in

NSG-mice in around fourteen days post-infusion.

Automated production and CAR delivery

The routine of an “open” system for CAR-T cell production is

still highly laborious and expensive. The emergence of fully

automated closed systems was of great contribution to over-

come these challenges.

The CliniMACS� Prodigy system, released in 2016 by Milte-

nyi Biotec, is one good example of how this type of system

can be feasible applied for cell therapy protocols facilities.

The main technological advantage offered by this system is

the fully closed automation of at least four steps of CAR-T cell

production (cell separation, activation, transduction and

expansion) in a single module machine in around 10 days of

production.56

Pre-clinical studies using Prodigy machine successfully

show that cells transduced and expanded in this system

could eliminate tumoral cells in vitro and in vivo. When

exposed to CD19+ tumoral cells, the CAR+ cells produced high

levels of IFN-gamma, TNF-alpha and Granzyme-B, proving

their anti-tumoral effect.57,58

Two recent reports from a clinical trial were published for

adult or pediatric refractory CD19+ leukemia and lymphoma

(NCT03144583) using autologous CAR-T cell product trans-

duced with a lentiviral vector via Prodigy system.59,60 In 2020,

they treated 34 patients with ALL, CLL andNHL (adult and pedi-

atric) with a maximum expansion of 2.16 £ 106 cells with 48.2%

of CAR+ cells. Cell viability after production ranged from 90 to

100% and all final products were completely free of biological

and chemical contaminants. In the second report, in 2021, a

total of 58 patients were treated in the same standardized

workflow. Results showed around 71% of the patients present-

ing complete response after 100 days of infusion.

Another option for automated T cell expansion is the Cyti-

va’s Xuri Cell Expansion System W25. This system is com-

posed of a temperature-controlled rocking tray aiming to

provide gentle mixing and aeration to the cell culture bag.

The equipment is assisted by software for the adjustment of

several cell culture parameters (e.g., temperature, rocking

angle and gas concentration). The latest version accepts a

variety of cell culture applications (T, NK and other adherent

cells) and expands in a volume up to 25 liters.61

Concluding remarks

CAR-T cells are certainly an important therapy for patients

with relapsed and/or refractory hematologic malignancies. In

addition, due to the market launching of five CAR-T cell prod-

ucts positioned as reliable options for the treatment of cellular

malignancies, several research groups and/or biopharmaceu-

tical companies were encouraged to develop new products

based on CAR-T cells. However, reproducible manufacturing

of high-quality clinical-grade CAR-T cell products is still

required to apply this technology to a greater number of

patients. Isolation, genetic modification and expansion of T

cells are key steps to the successful manufacturing of CAR-T

cells. The development of new CAR designs that are safer and

more effective is needed to improve this therapy, achieving

more selective killing of malignant cells.

Conflicts of interest

The authors declare no conflicts of interest.

hematol transfus cell ther. 2021;43(S2):S46−S53 S51



Acknowledgments

RNR, TGMO and VGR are supported by CNPq# 442676/2020-4,

VPC is supported by FAPESP# 2019/25309-0, FAPESP# 2013/

08135-2, CNPq# 442484/2020-8. MHB is supported by grants of

CNPq and FAPERJ.

r e f e r enc e s

1. Vera JF, Brenner LJ, Gerdemann U, Ngo MC, Sili U, Liu H, et al.

Accelerated production of antigen-specific T cells for preclinical

and clinical applications using gas-permeable rapid expansion

cultureware (G-Rex). J Immunother. 2010;33(3):305–15. Epub

2010/05/07.

2. Levine BL, Miskin J, Wonnacott K, Keir C. Global manufactur-

ing of CAR T cell therapy. Mol Ther Methods Clin Dev.

2017;4:92–101. Epub 2017/03/28.

3. Vormittag P, Gunn R, Ghorashian S, Veraitch FS. A guide to

manufacturing CAR T cell therapies. Curr Opin Biotechnol.

2018;53:164–81. Epub 2018/02/21.

4. Rozenbaum M, Meir A, Aharony Y, Itzhaki O, Schachter J, Bank

I, et al. Gamma-delta CAR-T cells show CAR-directed and

independent activity against leukemia. Front Immunol.

2020;11:1347.. Epub 2020/07/28.

5. Tanaka Y, Murata-Hirai K, Iwasaki M, Matsumoto K, Hayashi

K, Kumagai A, et al. Expansion of human gammadelta T cells

for adoptive immunotherapy using a bisphosphonate pro-

drug. Cancer Sci. 2018;109(3):587–99. Epub 2017/12/31.

6. Dutour A, Marin V, Pizzitola I, Valsesia-Wittmann S, Lee D, Yvon

E, et al. In vitro and in vivo antitumor effect of anti-CD33 chime-

ric receptor-expressing EBV-CTL against CD33 acute myeloid

leukemia. Adv Hematol. 2012;2012:683065. Epub 2012/01/25.

7. Klichinsky M, Ruella M, Shestova O, Lu XM, Best A, Zeeman M,

et al. Human chimeric antigen receptor macrophages for can-

cer immunotherapy. Nat Biotechnol. 2020;38(8):947–53. Epub

2020/05/04.

8. Liu E, Marin D, Banerjee P, Macapinlac HA, Thompson P, Basar

R, et al. Use of CAR-transduced natural killer cells in CD19-

positive lymphoid tumors. N Engl J Med. 2020;382(6):545–53.

Epub 2020/02/06.

9. Vargas JE, Chicaybam L, Stein RT, Tanuri A, Delgado-Canedo

A, Bonamino MH. Retroviral vectors and transposons for sta-

ble gene therapy: advances, current challenges and perspec-

tives. J Transl Med. 2016;14(1):288.. Epub 2016/10/13.

10. Lenschow DJ, Walunas TL, Bluestone JA. CD28/B7 system of T

cell costimulation. Annu Rev Immunol. 1996;14:233–58. Epub

1996/01/01.

11. Levine BL, Cotte J, Small CC, Carroll RG, Riley JL, Bernstein WB,

et al. Large-scale production of CD4+ T cells from HIV-1-

infected donors after CD3/CD28 costimulation. J Hematother.

1998;7(5):437–48. Epub 1998/11/26.

12. Porter DL, Levine BL, Bunin N, Stadtmauer EA, Luger SM, Gold-

stein S, et al. A phase 1 trial of donor lymphocyte infusions

expanded and activated ex vivo via CD3/CD28 costimulation.

Blood. 2006;107(4):1325–31. Epub 2005/11/05.

13. Ghassemi S, Nunez-Cruz S, O'Connor RS, Fraietta JA, Patel PR,

Scholler J, et al. Reducing Ex Vivo culture improves the anti-

leukemic activity of Chimeric Antigen Receptor (CAR) T cells.

Cancer Immunol Res. 2018;6(9):1100–9. Epub 2018/07/22.

14. deMacedo Abdo L, Barros LRC, Saldanha ViegasM, Vieira Codeco

Marques L, de Sousa Ferreira P, Chicaybam L, et al. Development

of CAR-T cell therapy for B-ALL using a point-of-care approach.

Oncoimmunology. 2020;9(1):1752592. Epub 2020/05/05.

15. Arcangeli S, Falcone L, Camisa B, De Girardi F, Biondi M, Giglio

F, et al. Next-generation manufacturing protocols enriching

TSCM CAR T cells can overcome disease-specific T cell defects

in cancer patients. Front Immunol. 2020;11:1217.. Epub 2020/

07/09.

16. Singh H, Figliola MJ, Dawson MJ, Huls H, Olivares S, Switzer K,

et al. Reprogramming CD19-specific T cells with IL-21 signal-

ing can improve adoptive immunotherapy of B-lineage malig-

nancies. Cancer Res. 2011;71(10):3516–27. Epub 2011/05/12.

17. Rushworth D, Jena B, Olivares S, Maiti S, Briggs N, Somanchi S,

et al. Universal artificial antigen presenting cells to selectively

propagate T cells expressing chimeric antigen receptor inde-

pendent of specificity. J Immunother. 2014;37(4):204–13. Epub

2014/04/10.

18. Chicaybam L, Abdo L, Carneiro M, Peixoto B, Viegas M, de

Sousa P, et al. CAR T cells generated using sleeping beauty

transposon vectors and expanded with an EBV-transformed

lymphoblastoid cell line display antitumor activity In Vitro

and In Vivo. Hum Gene Ther. 2019;30(4):511–22. Epub 2019/02/

23.

19. Lapteva N, Gilbert M, Diaconu I, Rollins LA, Al-Sabbagh M,

Naik S, et al. T-cell receptor stimulation enhances the expan-

sion and function of CD19 chimeric antigen receptor-express-

ing T cells. Clin Cancer Res. 2019;25(24):7340–50. Epub 2019/09/

29.

20. Klebanoff CA, Crompton JG, Leonardi AJ, Yamamoto TN,

Chandran SS, Eil RL, et al. Inhibition of AKT signaling uncou-

ples T cell differentiation from expansion for receptor-engi-

neered adoptive immunotherapy. JCI Insight. 2017;2(23):

e95103.

21. Zheng W, Jones LL, Geiger TL. Modulation of PI3K signaling to

improve CAR T cell function. Oncotarget. 2018;9(88):35807–8.

Epub 2018/12/12.

22. Fesnak AD, June CH, Levine BL. Engineered T cells: the prom-

ise and challenges of cancer immunotherapy. Nat Rev Cancer.

2016;16(9):566–81. Epub 2016/08/24.

23. Cavazzana-Calvo M, Hacein-Bey S, de Saint Basile G, Gross F,

Yvon E, Nusbaum P, et al. Gene therapy of human severe com-

bined immunodeficiency (SCID)-X1 disease. Science. 2000;288

(5466):669–72. Epub 2000/04/28.

24. Hacein-Bey-Abina S, Garrigue A, Wang GP, Soulier J, Lim A,

Morillon E, et al. Insertional oncogenesis in 4 patients after

retrovirus-mediated gene therapy of SCID-X1. J Clin Invest.

2008;118(9):3132–42. Epub 2008/08/09.

25. Correa de Freitas MC, Fontes AM, de Castilho Fernandes A, Pic-

anco-Castro V, de Sousa Russo EM, Covas DT. Murine leuke-

mia virus-derived retroviral vector has differential integration

patterns in human cell lines used to produce recombinant fac-

tor VIII. Rev Bras Hematol Hemoterapia. 2014;36(3):213–8. Epub

2014/07/18.

26. Tsukahara T, Agawa H, Matsumoto S, Matsuda M, Ueno S,

Yamashita Y, et al. Murine leukemia virus vector integration

favors promoter regions and regional hot spots in a human T-

cell line. Biochem Biophys Res Commun. 2006;345(3):1099–

107. Epub 2006/05/23.

27. Naldini L, Blomer U, Gallay P, Ory D, Mulligan R, Gage FH, et al.

In vivo gene delivery and stable transduction of nondividing

cells by a lentiviral vector. Science. 1996;272(5259):263–7. Epub

1996/04/12.

28. Jarrosson-Wuilleme L, Goujon C, Bernaud J, Rigal D, Darlix JL,

Cimarelli A. Transduction of nondividing human macro-

phages with gammaretrovirus-derived vectors. J Virol. 2006;80

(3):1152–9. Epub 2006/01/18.

29. Cavazzana-Calvo M, Hacein-Bey-Abina S, Fischer A. Ten years

of gene therapy: thoughts and perspectives. Med Sci. 2010;26

(2):115–8. Epub 2010/03/02. Dix ans de therapie genique: reflex-

ions.

30. Thomas CE, Ehrhardt A, Kay MA. Progress and problems with

the use of viral vectors for gene therapy. Nat Rev Genet. 2003;4

(5):346–58. Epub 2003/05/03.

S52 hematol transfus cell ther. 2021;43(S2):S46−S53

http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0001
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0001
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0001
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0001
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0001
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0002
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0002
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0002
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0003
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0003
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0003
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0004
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0004
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0004
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0004
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0005
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0005
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0005
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0005
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0006
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0006
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0006
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0006
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0007
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0007
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0007
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0007
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0008
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0008
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0008
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0008
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0009
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0009
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0009
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0009
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0010
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0010
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0010
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0011
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0011
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0011
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0011
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0012
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0012
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0012
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0012
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0013
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0013
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0013
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0013
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0014
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0014
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0014
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0014
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0015
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0015
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0015
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0015
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0015
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0016
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0016
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0016
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0016
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0017
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0017
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0017
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0017
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0017
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0018
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0018
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0018
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0018
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0018
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0018
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0019
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0019
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0019
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0019
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0019
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0020
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0020
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0020
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0020
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0020
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0021
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0021
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0021
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0022
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0022
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0022
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0023
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0023
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0023
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0023
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0024
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0024
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0024
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0024
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0025
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0025
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0025
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0025
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0025
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0025
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0026
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0026
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0026
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0026
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0026
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0027
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0027
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0027
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0027
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0028
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0028
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0028
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0028
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0029
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0029
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0029
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0029
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0030
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0030
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0030


31. Geurts AM, Yang Y, Clark KJ, Liu G, Cui Z, Dupuy AJ, et al. Gene

transfer into genomes of human cells by the sleeping beauty

transposon system. Mol Ther. 2003;8(1):108–17. Epub 2003/07/

05.

32. Jin Z, Maiti S, Huls H, Singh H, Olivares S, Mates L, et al. The

hyperactive Sleeping Beauty transposase SB100X improves

the genetic modification of T cells to express a chimeric anti-

gen receptor. Gene Ther. 2011;18(9):849–56. Epub 2011/04/01.

33. Prommersberger S, Reiser M, Beckmann J, Danhof S, Amberger

M, Quade-Lyssy P, et al. CARAMBA: a first-in-human clinical

trial with SLAMF7 CAR-T cells prepared by virus-free Sleeping

Beauty gene transfer to treat multiple myeloma. Gene Ther.

2021;28(9):560–71.

34. Saito S, Nakazawa Y, Sueki A, Matsuda K, Tanaka M, Yanagi-

sawa R, et al. Anti-leukemic potency of piggyBac-mediated

CD19-specific T cells against refractory Philadelphia chromo-

some-positive acute lymphoblastic leukemia. Cytotherapy.

2014;16(9):1257–69. Epub 2014/08/12.

35. Wang J, Lupo KB, Chambers AM, Matosevic S. Purinergic target-

ing enhances immunotherapy of CD73(+) solid tumors with pig-

gyBac-engineered chimeric antigen receptor natural killer cells. J

Immunother Cancer. 2018;6(1):136.. Epub 2018/12/06.

36. Zhang Z, Jiang D, Yang H, He Z, Liu X, Qin W, et al. Modified

CAR T cells targeting membrane-proximal epitope of meso-

thelin enhances the antitumor function against large solid

tumor. Cell Death Dis. 2019;10(7):476.. Epub 2019/06/19.

37. Ma Y, Chen Y, Yan L, Cao HX, Han SY, Cui JJ, et al. EGFR-

vIII-specific CAR-T cells produced by piggyBac transposon

exhibit efficient growth suppression against hepatocellular

carcinoma. Int J Med Sci. 2020;17(10):1406–14. Epub 2020/

07/07.

38. Ptackova P, Musil J, Stach M, Lesny P, Nemeckova S, Kral V,

et al. A new approach to CAR T-cell gene engineering and cul-

tivation using piggyBac transposon in the presence of IL-4, IL-

7 and IL-21. Cytotherapy. 2018;20(4):507–20. Epub 2018/02/25.

39. Micklethwaite KP, Gowrishankar K, Gloss BS, Li Z, Street JA,

Moezzi L, et al. Investigation of product derived lymphoma

following infusion of piggyBac modified CD19 chimeric anti-

gen receptor T-cells. Blood. 2021. https://doi.org/10.1182/

blood.2021010858. Epub ahead of print. PMID: 33974080.

40. Beatty GL, O'Hara MH, Lacey SF, Torigian DA, Nazimuddin F,

Chen F, et al. Activity of mesothelin-specific chimeric antigen

receptor T cells against pancreatic carcinoma metastases in a

phase 1 Trial. Gastroenterology. 2018;155(1):29–32. Epub 2018/

03/24.

41. Picanco-Castro V, Pereira CG, Covas DT, Porto GS, Athanassia-

dou A, Figueiredo ML. Emerging patent landscape for non-

viral vectors used for gene therapy. Nat Biotechnol. 2020;38

(2):151–7. Epub 2020/02/09.

42. Bozza M, De Roia A, Correia MP, Berger A, Tuch A, Schmidt A,

et al. A nonviral, nonintegrating DNA nanovector platform for

the safe, rapid, and persistent manufacture of recombinant T

cells. Sci Adv. 2021;7(16):eabf1333.

43. Gattinoni L, Lugli E, Ji Y, Pos Z, Paulos CM, Quigley MF, et al. A

human memory T cell subset with stem cell-like properties.

Nat Med. 2011;17(10):1290–7. Epub 2011/09/20.

44. Berger C, Jensen MC, Lansdorp PM, Gough M, Elliott C, Rid-

dell SR. Adoptive transfer of effector CD8+ T cells derived

from central memory cells establishes persistent T cell

memory in primates. J Clin Invest. 2008;118(1):294–305.

Epub 2007/12/07.

45. Morgan RA, Yang JC, Kitano M, Dudley ME, Laurencot CM,

Rosenberg SA. Case report of a serious adverse event following

the administration of T cells transduced with a chimeric

antigen receptor recognizing ERBB2. Mol Ther. 2010;18(4):843–

51. Epub 2010/02/25.

46. Kalos M, Levine BL, Porter DL, Katz S, Grupp SA, Bagg A, et al. T

cells with chimeric antigen receptors have potent antitumor

effects and can establish memory in patients with advanced

leukemia. Sci Transl Med. 2011;3(95):95ra73.. Epub 2011/08/13.

47. Fedorov VD, Themeli M, Sadelain M. PD-1- and CTLA-4-based

inhibitory chimeric antigen receptors (iCARs) divert off-target

immunotherapy responses. Sci Transl Med. 2013;5(215):

215ra172.. Epub 2013/12/18.

48. Wu CY, Roybal KT, Puchner EM, Onuffer J, Lim WA. Remote

control of therapeutic T cells through a small molecule-gated

chimeric receptor. Science. 2015;350(6258):aab4077.. Epub

2015/09/26.

49. Zajc CU, Dobersberger M, Schaffner I, Mlynek G, Puhringer D,

Salzer B, et al. A conformation-specific ON-switch for control-

ling CAR T cells with an orally available drug. Proc Natl Acad

Sci U S A. 2020;117(26):14926–35.

50. Jan M, Scarfo I, Larson RC, Walker A, Schmidts A, Guirguis AA,

et al. Reversible ON- and OFF-switch chimeric antigen recep-

tors controlled by lenalidomide. Sci Transl Med. 2021;13(575):

eabb6295.

51. Shah NN, Fry TJ. Mechanisms of resistance to CAR T cell ther-

apy. Nat Rev Clin Oncol. 2019;16(6):372–85. Epub 2019/03/07.

52. Ruella M, Maus MV. Catch me if you can: Leukemia escape

after CD19-directed T Cell immunotherapies. Comput Struct

Biotechnol J. 2016;14:357–62. Epub 2016/10/21.

53. Shah NN, Johnson BD, Schneider D, Zhu F, Szabo A, Keever-

Taylor CA, et al. Bispecific anti-CD20, anti-CD19 CAR T cells for

relapsed B cell malignancies: a phase 1 dose escalation and

expansion trial. Nat Med. 2020;26(10):1569–75. Epub 2020/10/07.

54. Fousek K, Watanabe J, Joseph SK, George A, An X, Byrd TT,

et al. CAR T-cells that target acute B-lineage leukemia irre-

spective of CD19 expression. Leukemia. 2021;35(1):75–89. Epub

2020/03/25.

55. Schneider D, Xiong Y, Wu D, Hu P, Alabanza L, Steimle B, et al.

Trispecific CD19-CD20-CD22-targeting duoCAR-T cells elimi-

nate antigen-heterogeneous B cell tumors in preclinical mod-

els. Sci Transl Med. 2021;13(586):eabc6401.

56. Mizukami A, Swiech K. Platforms for clinical-grade CAR-T cell

expansion. Methods Mol Biol. 2020;2086:139–50. Epub 2019/11/

11.

57. Castella M, Boronat A, Martin-Ibanez R, Rodriguez V, Sune G,

Caballero M, et al. Development of a novel anti-CD19 chimeric

antigen receptor: a paradigm for an affordable CAR T cell pro-

duction at academic institutions. Mole Therapy Methods Clin

Dev. 2019;12:134–44. Epub 2019/01/10.

58. Zhu F, Shah N, Xu H, Schneider D, Orentas R, Dropulic B, et al.

Closed-system manufacturing of CD19 and dual-targeted

CD20/19 chimeric antigen receptor T cells using the Clini-

MACS Prodigy device at an academic medical center. Cyto-

therapy. 2018;20(3):394–406. Epub 2017/12/31.

59. Castella M, Caballero-Banos M, Ortiz-Maldonado V, Gonzalez-

Navarro EA, Sune G, Antonana-Vidosola A, et al. Point-Of-Care

CAR T-cell production (ARI-0001) using a closed semi-automatic

bioreactor: experience from an academic phase I clinical trial.

Front Immunol. 2020;11:482.. Epub 2020/06/13.

60. Ortiz-Maldonado V, Rives S, Castella M, Alonso-Saladrigues A,

Benitez-Ribas D, Caballero-Banos M, et al. CART19-BE-01: a

multicenter trial of ARI-0001 cell therapy in patients with

CD19(+) relapsed/refractory malignancies. Mol Ther. 2021;29

(2):636–44. Epub 2020/10/04.

61. Smith TA. CAR-T cell expansion in a Xuri cell expansion system

W25. MethodsMol Biol. 2020;2086:151–63. Epub 2019/11/11.

hematol transfus cell ther. 2021;43(S2):S46−S53 S53

http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0031
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0031
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0031
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0031
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0032
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0032
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0032
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0032
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0033
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0033
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0033
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0033
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0033
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0034
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0034
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0034
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0034
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0034
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0035
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0035
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0035
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0035
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0036
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0036
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0036
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0036
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0037
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0037
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0037
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0037
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0037
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0038
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0038
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0038
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0038
https://doi.org/10.1182/blood.2021010858
https://doi.org/10.1182/blood.2021010858
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0040
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0040
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0040
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0040
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0040
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0041
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0041
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0041
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0041
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0042
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0042
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0042
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0042
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0043
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0043
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0043
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0044
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0044
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0044
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0044
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0044
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0045
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0045
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0045
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0045
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0045
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0046
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0046
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0046
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0046
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0047
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0047
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0047
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0047
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0048
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0048
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0048
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0048
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0049
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0049
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0049
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0049
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0050
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0050
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0050
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0050
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0051
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0051
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0052
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0052
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0052
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0053
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0053
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0053
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0053
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0054
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0054
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0054
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0054
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0055
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0055
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0055
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0055
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0056
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0056
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0056
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0057
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0057
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0057
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0057
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0057
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0058
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0058
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0058
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0058
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0058
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0059
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0059
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0059
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0059
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0059
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0060
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0060
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0060
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0060
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0060
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0061
http://refhub.elsevier.com/S2531-1379(21)00141-3/sbref0061

	Associação Brasileira de Hematologia, Hemoterapia e Terapia Celular Consensus on genetically modified cells. VII. Present and future of technologies for production of CAR cell therapies
	Introduction
	Key steps for CAR cell manufacturing
	Viral-based CAR delivery
	Non-viral-based CAR delivery

	Novel approaches for CAR-T cell products
	Modulation of CAR-T functions
	Bispecific/Trispecific CAR-T cells

	Automated production and CAR delivery
	Concluding remarks
	Conflicts of interest
	Acknowledgments
	References


