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The potential of adoptive cell therapy can be extended when
combined with genome editing. However, variation in the qual-
ity of the starting material and the different manufacturing
steps are associated with production failure and product
contamination. Here, we present an automated T cell engineer-
ing process to produce off-the-shelf chimeric antigen receptor
(CAR) T cells on an extended CliniMACS Prodigy platform
containing an in-line electroporation unit. This setup was
used to combine lentiviral delivery of a CD19-targeting CAR
with transfer of mRNA encoding a TRAC locus-targeting tran-
scription activator-like effector nuclease (TALEN). In three
runs at clinical scale, the T cell receptor (TCR) alpha chain en-
coding TRAC locus was disrupted in >35% of cells with high cell
viability (>90%) and no detectable off-target activity. A final
negative selection step allowed the generation of TCRa/
b-free CAR T cells with >99.5% purity. These CAR T cells
proliferated well, maintained a T cell memory phenotype, elim-
inated CD19-positive tumor cells, and released the expected cy-
tokines when exposed to B cell leukemia cells. In conclusion, we
established an automated, good manufacturing practice
(GMP)-compliant process that integrates lentiviral transduc-
tion with electroporation of TALEN mRNA to produce func-
tional TCRa/b-free CAR19 T cells at clinical scale.

INTRODUCTION
A successful concept to treat hematological cancers is based on the ge-
netic engineering of T cells to express chimeric antigen receptors
(CARs). As opposed to the natural T cell receptor (TCR), CARs
bind tumor antigens or tumor-associated antigens in a human leuko-
cyte antigen (HLA)-independent manner. Anti-CD19 CAR T cells
have shown remarkable success in treating CD19-expressing B cell
malignancies, with the first two CAR T cell products (Kymriah, Yes-
carta) approved by the FDA and EMA in 2017 or 2018, respectively.
The generation of CAR T cells typically involves the delivery of a CAR
transgene into autologous T cells using (semi-)randomly integrating
viral or non-viral vector systems.1 However, the generation of CAR
T cells from autologous sources is highly dependent on the quality
of the starting T cell apheresis material. In fact, 9% of the patients
enrolled in the pivotal trial entailing Kymriah did not receive their
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CAR T cell products due to manufacturing failure.2 In order to over-
come these limitations, “off-the-shelf” or “universal” CAR T cell
products were generated by editing in allogeneic T cells the TRAC
or TRBC genes encoding the TCR a or b chain, respectively.1,3–8

All major classes of designer nucleases, zinc-finger nucleases
(ZFNs),9,10 transcription activator-like effector nucleases (TALENs)11

and CRISPR-Cas9 nucleases,5 have been used for this purpose.12

Knockout of either locus will disrupt TCRa/b pairing and hence elim-
inate surface expression of the TCR/CD3 complex. Absence of TCR in
turn alleviates autoreactivity or alloreactivity of the engineered
T cells.10 Recently, two infants suffering from relapsed B cell acute
lymphoblastic leukemia (B-ALL) were successfully treated with
gene-edited, off-the-shelf anti-CD19 CAR T cell products.13 An addi-
tional modification introduced by TALENs included the disruption of
the CD52 gene, which encodes a surface marker targetable with alem-
tuzumab. CD52 knockout cells are resistant to alemtuzumab and can
therefore be combined with this antibody-based treatment of
leukemia.13

Generation of CAR T cells in compliance with good manufacturing
practice (GMP) is a complex multistep process including enrichment,
activation, lentiviral transduction, and expansion. This is even more
pronounced when combined with an additional electroporation
step to deliver gene-editing tools, such as designer nucleases. While
several GMP-compliant protocols to engineer CAR T cells using viral
vectors or mRNA transfer have been described,14–16 the automation
of the manufacturing processes in a fully closed system is attractive
to reduce risks of contaminations and simplify manufacturing at clin-
ical scale in a highly reproducible manner.17–19

Here, we aimed at generating an off-the-shelf CD19-targeting CAR
T cell product in an automated process at clinical scale. To this
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Figure 1. Optimization of electroporation conditions

(A) Disruption of TRAC locus. Activated T cells were elec-

troporated with TALEN-encoding mRNA (7.5 mg) using

three different settings. Edited T cells were harvested at

indicated time points and extent of T cell receptor knockout

quantified by measuring CD3 expression. (B and C) Cell

viability and cell proliferation. Electroporation-associated

toxicity (B) and cell numbers (C) were determined using an

automated cell counter (NucleoCounter). (D) Titration of the

TRAC-targeting TALEN mRNA. Following electroporation

with the indicated amounts of TALEN RNA (setting 3), cells

were harvested and extent of T cell receptor knockout

quantified by measuring CD3 expression. *p% 0.05, **p%

0.01, ***p % 0.001. UT, untreated T cells; Set.X, electro-

poration settings (see Table 1).
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end, we enabled reproducible GMP-compliant manufacturing of
gene-edited T cells on a CliniMACS Prodigy connected to an in-
line electroporator. We used lentiviral transduction to deliver a 2nd-
generation anti-CD19 CAR, composed of a FMC63-derived single
chain variable fragment (scFv), a CD8-derived hinge region, a
TNFRSF19-derived transmembrane domain linked to the 4-1BB
co-stimulatory domain, and a CD3z signaling domain.20 This was
combined with electroporation of the T cells to transfer mRNA en-
coding a TRAC targeting TALEN.We report on cellular composition,
T cell phenotype, as well as TRAC knockout efficacy and demonstrate
that a >99.5% TCRa/b-free CAR T cell product can be generated with
high quality and conservation of its cytolytic potency.
RESULTS
Identifying the best designer nuclease to target the TRAC locus

In order to disrupt the TRAC locus, a TALEN and four CRISPR-Cas9
nucleases were designed to target the first exon of the constant region
of TRAC (Figure S1A). To identify the best-performing programma-
ble nuclease, they were initially screened by transfecting human
U2OS cells with the respective expression plasmids followed by
applying the mismatch-sensitive T7 endonuclease 1 (T7E1) assay
on PCR amplicons encompassing the target site (Figure S1B). The
most promising three candidates were then evaluated in primary
T cells. To this end, T cells were activated for 3 days before being nu-
cleofected with the indicated CRISPR-Cas9 ribonucleoprotein (RNP)
complexes or with TALEN-encoding mRNA. After 7 days, cells were
phenotyped by monitoring CD3 expression (Figure S1C) or geno-
typed by T7E1 assay (Figure S1D). Upon delivery of CRISPR-Cas9
nuclease #3 or TALEN, >85% of T cells were CD3 negative and
>74% of the TRAC alleles were disrupted. As the specificity of the
developed nucleases is important in terms of clinical safety, we eval-
uated the activity and specificity profiles of the two designer nucleases
380 Molecular Therapy: Methods & Clinical Development Vol. 20 March 2021
by next-generation targeted amplicon
sequencing (Amp-seq) of the on-target site and
the top predicted off-target sites (Figures S1E
and S1F). Amp-seq confirmed that >80% of on-
target alleles contained insertion/deletion muta-
tions (indels) with either customized nuclease. However, while the
CRISPR-Cas9 nuclease showed significant activity at three off-target
sites, no significant off-target activity was detected upon TALEN
expression. In conclusion, we were able to design a highly active
and specific TALEN to target the TRAC locus that was used for all
subsequent experiments.

Optimizing the electroporation conditions for delivery of mRNA

To optimize the best conditions for transferring mRNA to T cells, we
performed small-scale electroporations on the CliniMACS Prodigy-
connected electroporator using a test cuvette adaptor in order to iden-
tify the best electroporation settings and the optimal concentration of
TRAC-targeting TALEN mRNA. For this purpose, activated T cells
were electroporated with 7.5 mg of each TALEN mRNA at day 3
post-activation using 3 different settings (Figure 1; Table 1). After-
ward, edited T cells were expanded up to 12 days, and the knockout
efficiency, viability, and total cell number were monitored every
3 days post-electroporation. Independently of the settings used, we
achieved high and stable TCR knockout efficiencies, as indicated by
>80% CD3-negative cells (Figure 1A). We observed that T cells elec-
troporated with setting 1 showed significant electroporation-associ-
ated toxicity (Figure 1B), which in turn was associated with impaired
expansion capacity of those cells (Figure 1C). T cells electroporated
with settings 2 or 3, on the other hand, recovered well after electropo-
ration, as indicated by >90% cell viability (Figure 1B) and ensuing
expansion (Figure 1C). Based on these results, we chose setting 3 to
be used in the subsequent experiments. Next, we evaluated the win-
dow of activity of our TALEN in order to identify the optimal
amounts of TALEN mRNA to be transferred to cells. We monitored
TALEN activity by quantifying the fraction of CD3-negative cells.
70%–80% of T cells were CD3 negative when using 3.8–7.5 mg of
each TALEN mRNA (Figure 1D). Together, these experiments
confirmed the possibility to develop highly active and specific



Table 1. Electroporator settings

Setting Prodigy electroporator

Set.1
Pulse 1, 950 V, 120-ms burst/flip—interval; 8-ms pause

Pulse 2, 125 V, 23.000-ms burst—interval; 8-ms pause

Set.2
Pulse 1, 600 V, 120-ms burst/flip—interval; 8-ms pause

Pulse 2, 400 V, 2.000-ms burst—interval; 8-ms pause

Set.3
Pulse 1, 600 V, 104-ms burst/flip—interval; 8-ms pause

Pulse 2, 400 V, 2.000-ms burst—interval; 8-ms pause
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TRAC-targeting TALEN, which can be scaled-up and used on the
CliniMACS Prodigy platform in the form of mRNAwith limited elec-
troporation-associated toxicity.
Automated generation of TCRa/b-free CAR T cells at clinical

scale

We established a process for the automated generation of TCRa/b-free
CART cell product in a closed system and validated the protocol at two
different sites with three clinical scale runs in total. The full automation
process is described in detail in the Materials andmethods (Figure 2A).
In brief, on day 0, a fresh buffy coat or leukapheresis product was sterile
welded to the tubing set to magnetically isolate CD4-positive and CD8-
positive T cells that were subsequently activated using a nanomatrix-
based anti-CD3/28 polyclonal T cell stimulator. On day 1, T cells
were transduced with anti-CD19 CAR-encoding lentiviral particles.
On day 3, T cells were electroporated with TRAC-targeting TALEN
mRNA and expanded for up to 13 days in medium supplemented
with interleukin (IL)-7 (IL-7) and IL-15. During the process, medium
was replaced every other day until day of harvest. During a subsequent
TCRa/b-depletion step, 50% of the harvested cellular product was
transferred into a second tubing set to remove remaining TCRa/b-ex-
pressing T cells. The final cellular T cell products, pre- and post-
depleted, were formulated and frozen until further use. Over the entire
period of the manufacturing process, quality control (QC) pouches
enabled in-process controls for assessment of cell count, viability,
cellular composition, phenotype, and TRAC knockout efficiencies.
The manufacturing process started with 2 � 108 selected T cells that
exponentially expanded starting 24 h after electroporation and finally
resulted in comparable cell numbers of approximately 2 � 109 total
T cells (Figure 2B). As expected, due to an electroporation-associated
toxicity, we observed a decline in viability directly after the electropo-
ration; however, the cells quickly recovered within the following 48 h
with >95% viable cells until the end of the entiremanufacturing process
(Figure 2C). Furthermore, CD3-negative and CD3-positive cells
divided at comparable rates (Figure S2A), indicating that TRAC editing
had no detectable impact on cell growth throughout the manufacturing
process in the Prodigy. Additionally, we evaluated the cellular compo-
sition during the different stages of the manufacturing process. Upon
the first selection step, the CD4/8 fraction consisted mainly of T cells
(�80%) with some monocytes due to low CD4 expression and some
natural killer (NK) cells due to low CD8 expression (Figure 2D).
Importantly, following CD4/8 selection and during the entire process,
Molecular
we did not observe any enrichment of B cells (Figure 2D). At the end
of the culture, residualmonocytes were lost; the final product contained
>99% T cells with a favorable memory T cell phenotype (Figures 2E
and S2B) and the expected 1:1 ratio of CD4 to CD8 T cells
(Figure S2C).18–20 Overall, this demonstrates the possibility to combine
transduction and electroporation in one closed and automated process
yielding a therapeutic dose of viable engineered T cells.

Gene-editing efficiency and off-target analysis

Next, we evaluated TRAC gene disruption at both phenotypic and
genotypic levels. At the end of the expansion phase, �35% of cells
were TCRa/b-negative (pre-depletion), which was increased to
almost 100% TCRa/b-negative cells after a negative selection (post-
depletion) step (Figures 3A and 3B). These results were in line with
the observed reduction in CD3-positive cells (Figures S3A and S3B)
and genotyping by Amp-seq, which confirmed indel frequencies of
35%–42% at the on-target site before selection and almost 100% after
selection, respectively (Figure 3C). Furthermore, we monitored the
indel distribution over the entire manufacturing process for two
runs and did not observe any enrichment or loss of any mutation
type throughout the manufacturing process (Figure 3D), suggesting
the absence of clonal selection. The most common indels observed
were 6-bp, 2-bp, and 3-bp deletions, respectively, which probably
reflect favored DNA repair outcomes due to the presence of microho-
mologies (data not shown). Of note, when we analyzed the indel pat-
terns in the cell population before and after TCRa/b depletion, we
observed a significant drop in the frequencies of some in-frame dele-
tion variants (Figure S3C), probably as a result of the elimination of
edited CAR T cells that still expressed TCRa/b despite lacking 1 or
2 amino acids. A detailed analysis of the final depletion step with un-
edited CAR T cells confirmed its efficacy to remove TCRa/b-positive
T cells. The remaining CD3-positive cells in the post-depletion frac-
tion were either g/dT cells or NK T cells (Figure S4). In summary, our
automated process combined efficient transduction of T cells with
efficacious and genetically stable TCRa/b knockout in order to
generate TCRa/b-free CD19-directed CAR T cells with >99.5%
purity.

Functional characterization of the TCRa/b-free CAR T cells

Upon transduction, the fraction of CAR-positive cells remained stable
during the whole manufacturing process and ranged from 40%–69%
during the 3 runs (Figure 4A). These results validate stable CAR
expression and confirm that neither gene editing nor the TCR deple-
tion step negatively affected the frequency of CAR-expressing T cells
in the final cell product. Potency of the final product was assessed by
determining the cytotoxic activity and the cytokine release profile of
the engineered CAR T cells. As target cells, we used the CD19-positive
mantle cell lymphoma line Jeko-1, the CD19-positive ALL line
Nalm6, and CD19-negative K562 cells as a control (Figure 4B). To
assess the impact of the TCR complex in the functionality of the
CAR T cells, we compared TCRa/b-free CAR T cells with CAR
T cells that were only transduced with lentiviral vector but not edited
(Trdx only). As a further sample, cells from the pre-depletion frac-
tion, containing TCRa/b-positive and TCRa/b-negative CAR
Therapy: Methods & Clinical Development Vol. 20 March 2021 381
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Figure 2. Automated generation of TCRa/b-free CAR

T cells

(A) Schematic overview of the automated process on the

CliniMACS Prodigy platform. Day 0, T cell selection and

activation. Day 1, T cell transduction with CD19-CAR en-

coding lentiviral particles. Day 3, electroporation of trans-

duced T cells with TRAC-targeting TALEN. Days 9–13,

expansion of engineered T cells followed by TCRa/b

depletion, harvesting, and cryopreservation. (B and C) Cell

expansion and cell viability. Cell numbers (B) and cell

viability (C) were determined using an automated cell

counter (NucleoCounter). (D and E) Cellular composition.

Representative samples were taken from the culture at

indicated cell processing steps, and cellular composition

was determined by flow cytometry (see Materials and

methods). Shown are the single data points and the aver-

ages of three runs. T, T cells; B, B cells; M, monocytes; G,

granulocytes; NK, natural killer cells; NKT, natural killer

T cells; Tn/Tscm, T cell naive or T stem cell memory; Tcm,

T cell central memory; Tem, T cell effector memory; Teff,

T cell effector; UT, untreated T cells. *, the depletion pro-

cess started with 50% of T cells from the pre-depletion

step.
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T cells, were assessed side-by-side with untreated T cells. The
different samples were co-cultured with CD19-positive or -negative
target cells at different effector-to-target (E:T) ratios before cytotox-
icity was evaluated by determining killing of marked target cells (Fig-
ures 4C and S3D). The cytotoxic activities were comparable for all
samples, i.e., all CAR-expressing cells eliminated approximately
60%–70% of CD19-positive Nalm6 cells at a 1:1 E:T ratio, 50% of
CD19-positive Jeko-1 cells at a 1:1 E:T ratio (Figure 4C), and circa
20% of Jeko-1 cells at an E:T ratio of 0.2:1 (Figure S3D). No significant
cytotoxic activity was observed when CAR T cells were co-cultured
with K562 cells (Figures 4C and S2C). Supernatants from co-cultures
of CAR T cells with Jeko-1 cells were used to quantify the cytokines
secreted by activated CAR T cells (Figure 4D). Comparable cytokine
levels (granulocyte macrophage colony-stimulating factor GM-CSF,
interferon [IFN]-g, IL-2, and tumor necrosis factor alpha [TNF-a])
were detected in all CAR T cell samples upon exposure to CD19-pos-
itive lymphoma cells. In summary, we were able to generate potent
TCRa/b-free CAR T cells that showed similar in vitro functionality
when compared to unedited CAR T cells for both cytotoxic potency
and cytokine release levels.

DISCUSSION
A process enabling the dissemination of CAR T cell therapies to
larger patient numbers should be robust, reproducible, scalable,
382 Molecular Therapy: Methods & Clinical Development Vol. 20 March 2021
and cost efficient, and it has to fulfill all regula-
tory requirements.21 Furthermore, such a com-
plex multistep procedure requires extensively
trained personnel as well as a dedicated infra-
structure.20 To meet these demands, we estab-
lished a protocol to manufacture a TCRa/
b-free CAR T cell product in a closed, auto-
mated, GMP-compliant process on the CliniMACS Prodigy plat-
form. To restrict T cell specificity, we combined lentiviral CAR
transgene transfer with an in-line electroporation step to deliver a
TALEN-encoding mRNA to knock out the TRAC locus. After a final
TCRa/b depletion step, we achieved >99.5% TCRa/b-free CAR
T cells. Analysis of the cellular composition and the T cell pheno-
type confirmed the manufacturing of a highly pure T cell product
with a favorable memory T cell phenotype. Importantly, the
TCRa/b-free CAR T cells were equally functional in in vitro assays
when compared to the unedited CAR T cells in terms of cytotoxicity
and cytokine release profile.

In-depth phenotypic characterization of the final cell product re-
vealed the presence of some CD3-positive cells that did not express
TCRa/b but rather the TCRg/d complex or NK cell markers. It was
shown that the presence of NK cells and/or TCRg/d T cells may
have a protective role against leukemia relapses and mediate graft-
versus-leukemia effects.22 A recent report of a relapse caused by
leukemic B cells that were unintentionally transduced with the
CAR expression vector underlines the importance of product pu-
rity.23 Due to the selection of CD4/CD8 as initial process step as
well as culture conditions favoring T cell outgrowth, potential B cell
contaminations of the final T cell product can therefore be practically
eliminated in our manufacturing process.



Figure 3. Evaluation of TRAC disruption efficiency

(A) Phenotypic analysis. Cells were harvested from pre- and post-depletion steps and T cell receptor (TCR) a/b knockout efficiency evaluated by flow cytometry. Repre-

sentative plots from one run are shown. (B) Synopsis of three runs. Shown are the single data points and the average fractions of TCRa/b-positive or -negative cells from the

pre- and post-depletion steps of three runs. (C) Genotypic analysis. Targeted amplicon sequencing of the TRAC locus was performed on TALEN-edited cells harvested at

pre-and post-depleted steps. Shown are the single data points and the average indel frequencies of three runs. (D) Distribution of TALEN-induced deletions. Engineered

T cells were harvested at indicated time points and subjected to targeted amplicon sequencing of the TRAC locus. The distributions of the induced deletions (Del) of two runs

are shown as pie charts. Numbers indicate the number of deleted bp. Indels, insertions/deletions; UT, untreated T cells.
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Off-the-shelf CAR T cells were generated by employing designer nu-
cleases to target TRAC or TRBC.3–8,11,12 Knockout of either gene pre-
vents the expression of the TCRa/b complex, hence allowing the gen-
eration of an allogeneic cell product with restricted T cell specificity.
Recently, it was reported that the lack of tonic TCR signalingmay lead
to lower persistence of TCR-free CAR T cells.7,24 These observations,
even if confirmed by others in the future, do not preclude the forth-
coming application of TCRa/b-free CAR T cells. We believe that off-
the-shelf CAR T cell products are, e.g., a highly attractive product for
a bridge-to-transplant therapy, for patients that need instant thera-
peutic intervention because of high tumor burden or in case of
manufacturing failure of the autologous product due to insufficient
quality of the starting material.

The described process can be easily adapted to enable the transfer of
CRISPR-Cas nucleases or to transduce cells with adeno-associated vi-
rus (AAV)-based vectors for targeted integration of the CAR cassette.
Moreover, the Prodigy platform is amenable to more complex and/or
multiplex genome-editing approaches. Two laboratories targeted the
integration of a CD19-CAR into the TRAC locus using a CRISPR-
Cas9 nuclease and an AAV-based vector to deliver the CAR.4,5 This
strategy knocks out the TCR and places CAR expression under con-
Molecular
trol of the endogenous TCR promoter, which resulted in both an
improved cytolytic potential as well as a reduced exhaustion of the
CAR T cells.5 Thus, one would not only manufacture an off-the-shelf
CART product by knocking out TCRa/b but also reduce the potential
risk of insertional oncogenesis when using (semi-)randomly inte-
grating lentiviral particles. An exciting alternative to retroviral trans-
duction is the use of Sleeping Beauty transposition using an electropo-
ration-based protocol.25 Here, the benefits in the manufacturing of
CAR T cells comprise an increased cargo capacity as well as a
close-to-random genomic integration pattern. Further efforts are
focusing on the development of protocols allowing to manufacture
autologous, fratricide-resistant CAR T cells required to treat defined
T cell malignancies26 or the knockout of checkpoint inhibitors as a
powerful step toward the treatment of solid tumors.27 Toward further
simplifying the manufacturing process of off-the-shelf products, it is
worth pointing out the strategy developed by Juillerat and colleagues,8

who demonstrated that transient expression of an anti-CD3 CAR by
mRNA transfer together with expression of TRAC-targeting TALEN
induced self-elimination of the CD3-positive T cell fraction and hence
generation of TCRa/b-free CAR T cells without the need of further
selection. An interesting study by Straetemans et al.14 described the
manufacturing of TCRa/b-free T cells by expressing a defined
Therapy: Methods & Clinical Development Vol. 20 March 2021 383
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Figure 4. In vitro functionality of TCRa/b-free CAR

T cells

(A) CAR expression. Edited CAR T cells were harvested at

pre- and post-depletion steps, and the percentage of CAR-

expressing cells in the CD3-positive or CD3-negative frac-

tion determined by flow cytometry. (B) Characterization of

target cells. Jeko-1, Nalm6, and K562 cells were stained

with anti-CD19 antibody and expression levels assessed by

flow cytometry. (C) Cytolytic activity. CAR T cells from indi-

cated groups were co-cultured at a 1:1 E:T ratio with CD19-

positive Jeko-1 cells, CD19-positive Nalm6 cells, or CD19-

negative K562 cells. Cytotoxicity was determined by flow

cytometry. (D) Cytokine release. The concentration of indi-

cated cytokines was determined in supernatants of CAR

T cells cultured with Jeko-1 cells at a 1:1 ratio. UT, untreated

T cells; Trdx only, CAR T cells retrieved directly after lentiviral

transduction; pre-depletion, CAR T cells harvested before

TCRa/b depletion; post-depletion, CAR T cells harvested

after TCRa/b depletion; GM-CSF, granulocyte/monocyte

colony-stimulating factor, IFN-g, interferon gamma; IL-2,

interleukin-2; TNF-a, tumor necrosis factor alpha. *** p %

0.001.
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high-affinity g/d-TCR. This TCR was introduced by retroviral trans-
duction, and it was shown that overexpression of the g/d-TCR out-
competed the endogenous TCRa/b. The remaining TCRa/b-express-
ing cells were depleted in a GMP-compliant process using the
CliniMACS system. Although the manufacturing protocol differs
from ours and their starting material contained higher amounts of
TCRa/b-expressing cells, the efficiencies of depletion were in line
with our observations in the final product.

More recently, CAR integration into the TRAC locus was combined
with concomitant targeted integration of an IL-12 transgene into
the PDCD1 or IL2RA loci, both of which code for immune cell acti-
vators.28 The result was transient, antigen concentration-dependent
IL-12P70 secretion, which increased cytotoxicity of these off-the-shelf
CAR T cell product. Multiplex gene editing with two or more nucle-
ases has the advantage of reducing the number of manufacturing
steps. The simplicity and monomeric nature of the CRISPR-Cas9
platform certainly facilitates such multiplex approaches.1,29 On the
other hand, target site cleavage by TALENs is mediated by two
TALEN subunits that form a heterodimer when assembling at the
target site.12 Multiplexing is therefore more challenging: the concom-
itant targeting of two loci already requires the transfer of four TALEN
subunits, which—in theory—can form six different heterodimers and
four homodimers in the cell, hence increasing the risk of off-target ac-
tivity.11 Hence, in any case, the final product must be carefully tested
for off-target effects and take into account the higher risk of inducing
chromosomal translocations due to concomitant cleavage of the
genome at multiple sites.4,11,29

In general, to identify the optimal engineered nuclease to target a lo-
cus of choice, one must address both the activity and specificity pro-
files for every single target locus. Accordingly, we compared our
384 Molecular Therapy: Methods & Clinical Development Vol. 20 March
TRAC-targeting designer nucleases side-by-side and identified a
TALEN that combines high activity with high specificity. Any further
combination with another customized nuclease needs reevaluation to
determine the combined genotoxic risk.

While opening new therapeutic opportunities, the ability to edit
genes through electroporation-based transfer of designer nucleases
in a GMP-compliant setting will inevitably increase manufacturing
costs for adoptive T cell therapies. Besides the initial expenses to ac-
quire the platform, the additional spending on buffers and tubing
accessory is neglectable when compared to the underlying T cell
manufacturing process. A major cost driver is, however, the
GMP-grade RNA required for gene editing. Similar to GMP-grade
viral vectors, costs are likely to drop as manufacturing of such ma-
terials improves and batch sizes increase. Reduction in such costs of
goods will be essential in order to further disseminate the use of
transduction-based manufacturing protocols or non-viral gene-edit-
ing approaches.

In conclusion, our results demonstrated that in vitro functionality of
gene-edited CAR T cells that were manufactured in an automated
fashion were comparable to unedited CAR T cell controls. Such pro-
tocols will facilitate the production of off-the-shelf CAR T cell prod-
ucts and their successful clinical application.

MATERIALS AND METHODS
TRAC-targeting designer nucleases

The TRAC gene sequence was retrieved from the NCBI database.
Designer nucleases were designed to cleave the first exon of the con-
stant region of the TRAC gene. The TALEN pair was designed and
generated as previously described.30 The target sequence for the
TALEN pair is 50-TAGACATGAGGTCTATGGActtcaagagcaacAG
2021
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TGCTGTGGCCTGGAGCA-30, where the 19-bp recognition sites for
both TALEN (TALEN-L and TALEN-R) monomers (uppercase let-
ters) are separated by a 13-bp spacer sequence (lowercase letters).
CRISPR-Cas9 guide RNAs (gRNAs) were designed using the CHOP-
CHOP web tool31 to target the following sequences: CRISPR-Cas9 #1
(50-TGGATTTAGAGTCTCTCAGC-30), CRISPR-Cas9 #2 (50-ACAA
AACTGTGCTAGACATG-30), CRISPR-Cas9 #3 (50-CTTCAAGAG-
CAACAGTGCTG-30), and CRISPR-Cas9 #4 (50-TGTGCTAGACAT-
GAGGTCTA-30). TALEN encoding plasmids including a T7 promoter
were linearized and used as templates formRNAproduction by in vitro
transcription (IVT) using T7 RNA polymerase. The in vitro mRNA
transcripts were purified using a RNeasy kit (QIAGEN), enzymatically
capped, and polyadenylated. After DNase treatment, RNA concentra-
tions were determined by measuring the absorbance at 260 nm using a
nanodrop spectrophotometer (Thermo Fisher). The length of the
in vitro transcripts and the polyadenylated mRNAs were monitored
by Bioanalyzer electrophoreses on an RNA nano chip (Agilent). The
gRNAs were ordered with the following chemical modifications: 20-
O-methyl analogs and 30 phosphorothioate internucleotide linkage at
the 50 and 30 terminal three bases (Synthego). SpCas9 protein was pur-
chased (PNA Bio).

Assessment of TRAC-targeting designer nucleases

U2OS cells (identity confirmed by short tandem repeat genetic
profiling; Eurofins) were cultured in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal bovine serum (FBS) and 1% peni-
cillin/streptomycin (Thermo Fisher). For transfection, 300,000 U2OS
cells were nucleofected (SE, DN-100) using the 4D nucleofector
(Lonza) with a total of 750 ng of plasmid DNA encoding the designer
nucleases. Cells were allowed to recover in complete medium in 24-
well plates for 3 days before genotyping. Peripheral blood mononu-
clear cells (PBMCs) were cultured with T cell medium, composed
of RPMImedium supplemented with 10% FBS, 1% penicillin/strepto-
mycin, and 10 mM HEPES buffer (all Thermo Fisher). T cells were
activated using soluble anti-CD2/3/28 (Stem Cell Technology) for
3 days in T cell medium supplemented with 100 U/mL of human
IL-2 (hIL-2), 50 U/mL of hIL-15, and 25 U/mL of hIL-7 (Miltenyi
Biotec). 1 � 106 T cells were nucleofected (P3, EO-115) using the
4D nucleofector (Lonza) with either 3 mg of each TALEN mRNA
or 3 mg of Cas9 protein complexed with 100 pmol of gRNA for
10 min at room temperature (RT). After nucleofection, T cells recov-
ered in 96-well plates (Corning, U bottom). The first day post-nucle-
ofection, the IL-2 concentration was increased to 1,000 U/mL. T cells
were split every 3 days to densities of 2 � 106 cells/mL for 7 days
before phenotypic and genotypic analyses. Genotyping of TRAC-edi-
ted cells was performed using the T7 endonuclease I (T7E1, NEB)
assay as previously described.32 In brief, edited T cells were harvested
at the end of the expansion phase or from the post-depleted product.
Genomic DNA was extracted using QIAamp DNA mini kit (-
QIAGEN). An amplicon encompassing the TALEN target site in
the TRAC locus was generated by PCR using primer pair (50-taaagcat-
gagaccgtgact-30 and 50-tagacatcattgaccagagc-30), purified using QIA-
quick PCR purification kit (QIAGEN), and subjected to T7E1. To
determine the extent of indel frequency, the band intensities were
Molecular
quantified using ImageJ software (https://imagej.nih.gov/ij/index.
html).

On-target and off-target analysis

Potential off-target sites for the TALEN pair were predicted using the
online tool PROGNOS (TALEN v2.0).33 Applied parameters allowed
for up to 6 mismatches for each TALEN target half-site, a spacing dis-
tance between the TALENmonomers of 10 to 25 bp, considering both
hetero- and homodimers. The top-ranking off-targets were consid-
ered for targeted Amp-seq. Potential off-targets of the CRISPR-
Cas9 nucleases were predicted using the online tool COSMID.34

The query allowed for hits with up to 3 mismatches or 1-bp dele-
tion/insertion with up to 2 mismatches. The top 20 scoring off-target
sites were analyzed by next-generation targeted Amp-seq. PCR was
performed on genomic DNA isolated from gene-edited cells to
generate amplicons spanning the TRAC on-target site and the pre-
dicted potential off-target sites. The resulting amplicons were pro-
cessed to a DNA library (NEBNext, Ultra II DNA library prep kit
for Illumina, NEB #E7645L), quantified using digital droplet PCR
(ddPCR) library quantification with Illumina TruSeq (Bio-Rad
#186-3040,) and sequenced on an Illumina MiSeq using a MiSeq re-
agent kit v2, 500 cycles (Illumina, MS-102-2003). The paired-end
reads were analyzed using CRISPResso2 tool.35 Obtained p values
were adjusted using the Benjamin-Hochberg correction method as
described previously.36

Optimization of the electroporation conditions in small scale

PBMCs-derived T cells or CD4/8 selected T cells were thawed and
recovered for 24 h with TexMACS GMP medium supplemented
with 12.5 ng/mL of recombinant hIL-7 and 12.5 ng/mL of recombi-
nant hIL-15. On the same day or 24 h later, T cells were activated
with MACS GMP T cell TransAct (Miltenyi Biotec), according to
the manufacturer’s instructions, for 3 days prior to electroporation.
For TALENmRNA transfer, 1� 106 activated T cells were electropo-
rated with 7.5 mg of each TALENmRNA, unless stated otherwise, in a
final volume of 50 mL CliniMACS electroporation buffer (Miltenyi
Biotec) in the test cuvette adaptor using the electroporation settings
listed in Table 1.

Automated generation of TCRa/b-free CAR T cells

TCRa/b-free CAR T cells were manufactured using the newly devel-
oped, automated, and closed T cell engineering (TCE) process on the
CliniMACS Prodigy platform during the entire process. Buffy coats or
leukapheresates of healthy donors were obtained from the Blood
Donation Center of the Medical Center - University of Freiburg or
from the German Red Cross Blood Donation Service Baden-Würt-
temberg - Hessen (obtained with donor consent after ethical review).
The manufacturing process is composed of 4 stages: (1) process pa-
rameters were entered in the activity matrix. For CD4/CD8 T cell se-
lection and activation, buffy coats were evaluated in terms of white
blood cell (WBC) concentration and frequencies of CD4-positive
and CD8-positive cells prior to the selection step. Then, buffy coats
were connected to the tubing set, T cells labeled and magnetically iso-
lated using CliniMACS CD4 reagent and CliniMACS CD8 reagent
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(Miltenyi Biotec). Following T cell selection, QC samples were taken
to evaluate the purity of the T cells post-selection and the total T cell
number. 2� 108 selected T cells were automatically transferred to the
cultivation chamber and cultivated in TexMACS GMP medium sup-
plemented with 12.5 ng/mL of recombinant human IL-7 and recom-
binant human IL-15 (Miltenyi Biotec), respectively. Subsequently,
T cells were activated using the contents of one vial of the MACS
GMP T cell TransAct (Miltenyi Biotec). (2) For TCE, 1 day post-acti-
vation, T cells were transduced with lentiviral particles (Miltenyi Bio-
tec) coding for the CAR transgene by connection of the bag to the
Prodigy via sterile welding. At day 3 post-activation, cells were re-
buffered in CliniMACS electroporation buffer (Miltenyi Biotec);
1.1–1.4 mg of each TALEN mRNA were transferred to the nucleic
acid bag, and electroporation was started using setting 3 described
in Table 1. (3) For expansion of edited T cells following electropora-
tion, cells were transferred back to the cultivation chamber and recov-
ered in 66 mL TexMACS media supplemented with IL-7 and IL-15,
and static culture was performed for 24 h and then switched back
to agitated modus. Afterward, cells were expanded for 9–13 days. Me-
dium was changed automatically via centrifugation and automatic
media feed every other day. Since T cell stimulation reagent might in-
fluence the TCE process, we chose to base our work on a previously
described manufacturing process,17–19 in which MACS GMP T cell
TransAct was shown to yield good T cell stimulation and expansion
as well as compatibility with closed manufacturing systems, such as
the CliniMACS Prodigy, where excess reagent can be easily removed
by medium wash not requiring magnetic bead removal in the final
cellular product. (4) For TCRa/b depletion and final formulation,
at the end of the expansion phase, total T cells were evaluated and
the fraction of TCRa/b-negative cells was assessed. For the depletion,
we processed only half of the culture in order to keep some cells for
QC and functional test from the pre-depletion fraction. Cells were
harvested in CliniMACS PBS/EDTA buffer (Miltenyi Biotec) supple-
mented with 0.5% bovine serum albumin. The new tubing set TS320
was mounted. During the TCRa/b depletion process, the cells were
labeled and magnetically selected with CliniMACS TCRa/b-biotin
and CliniMACS anti-biotin reagents (Miltenyi Biotec) and finally
formulated in CliniMACS PBS/EDTA buffer (Miltenyi Biotec). The
final cell products were either directly used for functional analysis
or frozen until further use. The purity of the TCRa/b depletion
step was assessed by flow cytometry, and the TCRa/b-free CAR
T cells were counted and frozen.

Antibodies and flow cytometry

To determine cellular composition and CD4/CD8 ratios, we stained
the cells with anti-CD45-vioblue, CD56-phycoerythrin (PE), CD3-
fluorescein isothiocyanate (FITC), CD4-viogreen, CD8-APC/
Vio770, CD20-PE/Vio770, and CD14-allophycocyanin (APC) for
10min at 4–8�C. To determine the CAR expression, cells were stained
using the CD19-CAR detection reagent (Miltenyi Biotec) (10–20 min
at RT), then cells were washed twice with fluorescence-activated cell
sorting (FACS) buffer and stained with anti-biotin-PE (10–20 min at
4�C–8�C). For T cell phenotype, cells were stained with the CD19-
CAR detection reagent, CD3-APC, CD62L-Bv421 (BD Biosciences),
386 Molecular Therapy: Methods & Clinical Development Vol. 20 March
and CD45RA-FITC (BioLegend) antibodies as described above for
the CAR staining. To evaluate the knockout efficiencies, cells were
stained with TCRa/b-PE or with CD3-APC antibodies (30–40 min
at 4�C–8�C). To characterize the CD3-positive cells, cells were stained
with CD3-APC and CD56-PE to identify NK and NK T cells (NKT)
cells, respectively. Anti-CD3-APC, pan-TCRab-PE, and pan-TCRg/
d-vioblue antibodies used to distinguish TCRab and TCRg/d T cells
(40 min at 4�C–8�C). To determine cell viability, DAPI or 7-amino-
actinomycin (7-AAD) was added to the cells to discriminate dead
cells using flow cytometer or NucleoCounter-NC-250 (Chemome-
tec). Flow cytometric measurements were performed using the
MACSQuant analyzer 10 (Miltenyi Biotec), FACS Canto II, or Accuri
(BD Biosciences). Data were analyzed using eitherMACSQuantify 2.8
(Miltenyi Biotec) or FlowJo 10 (BD Biosciences). All antibodies, un-
less mentioned otherwise, were from Miltenyi Biotec.
Cytotoxicity and multiplex cytokine release assay

Cytotoxicity assay was performed as previously described.19 In brief,
effector T cells were co-cultured with CD19-positive/GFP-positive
Jeko-1 cells, CD19-positive/GFP-positive Nalm6 cells, or with
CD19-negative K562 cells labeled with CellTrace violet (Thermo
Fisher) at the indicated E:T ratios in round-bottom 96-well plates
in a total volume of 200 mL TexMACS medium without cytokines
for 20 h. Specific lysis was determined based on the number of
viable GFP-positive or CellTrace violet-labeled target cells. As a
control, untransduced T cells were used and cultured with the
same E:T ratio. Cytotoxicity was calculated according to the
following equation: ([# of events of T only � # of events T+E]/[# of
events T only]) � 100%; E, effector cells; T, target cells. To determine
cytokine release of the 1:1 E:T ratio, 100 mL of the supernatants were
harvested 20 h post-co-culture and kept at �20�C until analyzed.
The cytokines were quantified using the human MACSPlex cyto-
kine 12 kit (Miltenyi Biotec) according to the manufacturer’s
instructions.
Statistical analysis

Statistical significance in all experiments was determined using the
unpaired Student’s t test (GraphPad Prism).
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