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Gene editing can be used to overcome allo-recognition, which
otherwise limits allogeneic T cell therapies. Initial proof-of-
concept applications have included generation of such “univer-
sal” T cells expressing chimeric antigen receptors (CARs)
against CD19 target antigens combined with transient expres-
sion of DNA-targeting nucleases to disrupt the T cell receptor
alpha constant chain (TRAC). Although relatively efficient,
transgene expression and editing effects were unlinked, yields
variable, and resulting T cell populations heterogeneous,
complicating dosing strategies. We describe a self-inactivating
lentiviral “terminal” vector platform coupling CAR expression
with CRISPR/Cas9 effects through incorporation of an sgRNA
element into theDU3 30 long terminal repeat (LTR). Following
reverse transcription and duplication of the hybrid DU3-
sgRNA, delivery of Cas9 mRNA resulted in targeted TRAC
locus cleavage and allowed the enrichment of highly homoge-
neous (>96%) CAR+ (>99%) TCR� populations by automated
magnetic separation. Molecular analyses, including NGS,
WGS, and Digenome-seq, verified on-target specificity with
no evidence of predicted off-target events. Robust anti-
leukemic effects were demonstrated in humanized immunode-
ficient mice and were sustained longer than by conventional
CAR+TCR+ T cells. Terminal-TRAC (TT) CAR T cells offer
the possibility of a pre-manufactured, non-HLA-matched
CAR cell therapy and will be evaluated in phase 1 trials against
B cell malignancies shortly.

INTRODUCTION
T cells engineered to express recombinant antigen-specific receptors
or chimeric antigen receptors are in multi-phase trials, with some
approaches yielding compelling remission effects against refractory
leukemia.1 The majority of subjects treated to date have provided
and received autologous T cells, but this approach may not be best
suited for widespread cost-effective delivery of cellular therapy.
Gene editing offers the prospect of addressing human leukocyte
(HLA)� barriers and the development of universal T cell therapies.2,3

Recently, T cells modified using transcription activator-like effector
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nucleases (TALENs) and expressing chimeric antigen receptor
(CAR) against CD19 have been used to treat refractory relapsed
B cell acute lymphoblastic leukemia (B-ALL) in infants.4 These “off
the shelf” cells were derived from a non-HLA-matched donor and
were disrupted for CD52 expression to evade the depletion effects
of alemtuzumab and were simultaneously modified at the T cell re-
ceptor (TCR) alpha chain constant (TRAC) region and depleted of
T cells expressing TCRab to reduce the risk of graft versus host dis-
ease (GVHD).5 Clinical trials are underway to assess the strategy
further in children and adults and key aspects determining dosing
schedules related to carriage of residual TCRab T cells and the pro-
portion of cells expressing CAR19. The former comprise less than
1% of the total cell inoculum after TCRab magnetic bead depletion
but constitute a risk for GVHD and are strictly capped to below
5� 104 T cells/kg.6 This, in turn, limits the total cell dose, and because
only a proportion of cells express CAR19 as a result of batch-to-batch
variation in lentiviral transduction efficiency, the total cell dosing
regimen differs between batches. Similar issues arise for other gene
editing platforms relying on segregated DNA nuclease delivery,
whether by non-integrating viral delivery of zinc-finger nucleases3

or megaTALs combined with non-viral delivery.7

We designed a self-inactivating (SIN) lentiviral platform that coupled
transgene expression with CRISPR editing effects for efficient and
homogeneous T cell modification (Figure 1A) and demonstrated
that this system is scalable and can be incorporated into a largely
automated manufacturing process. CRISPR-mediated effects in
CAR19-modified T cells have been reported previously. For example,
Ren et al.8,9 used CRISPR RNA electroporation to disrupt endoge-
nous TCR and b2-microglobulin (B2M) genes for disruption of major
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histocompatibility complex (MHC) class I in T cells transduced with a
lentiviral CAR vector, but editing and transgene effects were un-
linked. Other lentiviral configurations have incorporated both
CRISPR guide sequences and Cas9 expression cassettes that become
integrated into the target cell genome as a constituent of proviral vec-
tor DNA.10 Although suitable for pre-clinical studies, constitutive
expression of Cas9 would be problematic in human trials, not the least
because of its bacterial origin and likely immunogenicity. To over-
come this issue, we delivered capped, polyadenylated, uridine-modi-
fied Cas9 mRNA by electroporation to T cells that had been trans-
duced with our “terminal-CRISPR” lentiviral configuration. Here,
CAR19 was expressed under the control of an internal human
promoter, and CRISPR guide sequences and associated H1/U6 pro-
moters were incorporated into the U3 region of the 30 long terminal
repeat (LTR) sequence of the vector. Previous vector configurations
using these flanking regions have included a g-retroviral vector for
expression of cDNA cassettes11 and a lentiviral system encoding short
hairpin RNA interference elements.12 Modification of the LTR can
impair retroviral titers but has a number of advantages, including
avoiding interference with internal promoters13 and duplication of
sequences cited in the U3 locus following reverse transcription.
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Here we adopt and refine this approach for
CRISPR delivery, anticipating guide duplication
and incorporation into the 50 LTR during
reverse transcription and vectorized linkage of
guide effects with transgene expression. We
demonstrate compliant scalability and the
potential of the platform for the generation of
“universal” human T cells on a clinical scale.
Potent anti-leukemic effects of TCR-depleted
CAR19 T cells were demonstrated in a human:
murine chimeric tumor model. Multi-modal
analysis confirmed highly efficient “on-target” modifications with
no predicted or unpredicted “off-target” events recorded.

RESULTS
Design and Construction of Lentiviral Terminal-TRAC Guide

RNA Vectors

Incorporation of a Pol III promoter and single guide RNA (sgRNA)
sequence into the 30 LTR of a U3-deleted third-generation lentiviral
vector generated a self-duplicating CRISPR expression cassette (Fig-
ure 1B). A region immediately proximal to 30 repeat (R) regions
was selected to preserve reverse transcription-mediated duplication
to the 50 LTR, resulting in a proviral form with both 50 and 30 flanking
terminal CRISPR elements (Figure 1C). For targeting of endogenous
TCR expression, a sgRNA sequence targeting the TRAC locus (spec-
ificity score 94/10014) was placed under the control of the human Pol
III promoter, U6, followed by a sgRNA sequence specific for
S. pyogenesCas9, which was delivered separately as mRNA by electro-
poration (Figure 1D). The lentiviral vector encoded a chimeric anti-
gen receptor (CAR19) under the control of an internal human phos-
phoglycerate kinase (PGK) promoter. The concentrated vector titer of
this “Terminal-TRAC” (TT) configuration (TT-hPGK-CAR19) was



www.moleculartherapy.org
comparable with a conventional pCCL-hPGK-CAR19 vector (1.6 �
108/mL versus 1.5� 108/mL), indicating that inclusion of the sgRNA
cassette in the 30 LTR was not detrimental to vector titer and sup-
ported comparable transduction efficiencies in primary T cells.
Unique primer pairs amplified both 30 and 50 LTR regions in these
cells (Figure 2A) and yielded the expected 392-bp 30 U5 reaction
product from the pCCL-hPGK-CAR19-transduced cells compared
with a larger 755-bp product from the TT-hPGK-CAR19-transduced
cells. A 742bp 50 PCR product indicated duplication of the U6 pro-
moter-sgRNA-scaffold sequences in contrast to a 379-bp conven-
tional duplication product. Bands were extracted, and sequences
were verified by Sanger sequencing. Furthermore, qRT-PCR found
that guide RNA expression peaked between 24 and 72 hr after lenti-
viral transduction and thereafter remained stable during manufacture
(Figure 2B).

Transient Cas9 mRNA Delivery by Electroporation to TT-CAR

T Cells

Previous lentiviral configurations have incorporated Cas9 expression
cassettes, but this could promote immunogenicity and result in
on-going scission effects, risking toxicity. Stabilized Cas9 mRNA (cap-
ped, polyadenylated, and uridine-modified) was delivered by electro-
poration for transient effects in dividing T cells exposed to a single
round of transduction with the TT-hPGK-CAR19 vector. An interval
of 3 days was found to be optimal for TRAC disruption (Figure 2C).
Cas9 protein was detected by western blot as a 160-kDa protein
band, with peak expression 12 hr after mRNA electroporation and
clearance by 72 hr (Figure 2D). Titration of Cas9 mRNA-mediated
disruption of TCR expression exhibited saturation above 25 mg/mL
(Figure 2E). Molecular signatures of non-homologous end joining
(NHEJ) at the TRAC locus were confirmed by PCR sequencing across
the target locus and TIDE analysis of the 772-bp TRAC amplicon (Fig-
ure 2F). Crucially, almost all cells expressing CAR19 were found to
have disrupted TCR expression, indicating that CRISPR-Cas9 effects
were coupled to transgene expression.

Scalability of TT-CART Cell Production

A critical hurdle for CRISPR/Cas9 gene editing is scalability and
compliance for therapeutic manufacturing. We adapted an auto-
mated T cell lentiviral transduction procedure using the CliniMacs
Prodigy system to compare alongside conventional cultures in
G-Rex flasks and activated 1 � 108 lymphocytes from a thawed
leukapheresis harvest ahead of lentiviral transduction with the
TT-hPGK-CAR19 vector at MOI 5 in the closed system tubing set
(Figure 3A; Figure S1). After a further 72 hr, cells were removed
from the device and electroporated with Cas9 mRNA, after which
the cells were returned to the CliniMACS Prodigy and cultured over-
night at 30�C. After 11 days, CAR19 expression was 62% in
CD45+CD2+ cells, and TCR knockout in CD45+CD2+CAR19+ cells
was 77% (Figure 3B). Further processing by magnetic bead-mediated
depletion of residual TCRab cells yielded a highly purified population
of TCR-depleted cells (>99%), almost all (96.9%) of which were
CAR19+ T cells with a vector copy number (VCN) of 1.69 (Figure 3B).
Disruption of the TRAC locus at the genomic level was verified by
TIDE PCR (Figure 3C), which revealed NHEJ events of around
80%, with next-generation sequencing (NGS) detecting on-target
cleavage effects in 92% of sequence reads. Overall, a final cell yield
of 2.9� 109 TT-CAR19+TCR� T cells was produced, almost 30 times
the starting number, sufficient to create therapeutic doses for over 20
average adult subjects.

TT-CAR19+TCR– T Cells Efficiently Target CD19+ Cells In Vitro

The cytolytic potential of TT-CAR19+TCR� cells was assessed by
in vitro cytotoxicity against 51Cr-loaded CD19+ or CD19�

SupT1 target cells. When normalized for CAR19+ cells, both TT-
CAR19+TCR� cells and CAR19+TCR+ T cells exhibited comparable
specific lysis of CD19+ SupT1 targets after 4 hr of co-culture, in
contrast to non-transduced CAR19�TCR+ control cells (p <
0.0001) (Figure 3D). Specific lysis of another CD19+ tumor
line, Daudi, was also documented for CAR19+TCR+ and TT-
CAR19+TCR� effectors, and a 4-hr degranulation assay on this target
cell line further corroborated the cytotoxicity data, with 57% of
CAR19+TCR� and 53% of CAR19+TCR+ cells upregulating
CD107a expression (Figure 3E). Finally, a cytometric bead array
(CBA) assay recorded slightly increased cytokine production of inter-
feron g (IFNg), tumor necrosis factor (TNF), interleukin-4 (IL-4),
and IL-2 after 24 hr of co-culture with CD19+ SupT1 cells but not
CD19-SupT1 cells, further confirming the target-specific effect
(Figure 3F).

Characterization of On- and Off-target CRISPR Effects

Previously, we reported that T cells modified with a combination of
TRAC- and CD52-specific TALENs exhibited translocation events
involving the TRAC locus in around 4% of 500 interphase spreads
using a dual-color break-apart fluorescence in situ hybridization
(FISH) probe for the TRAD locus (which incorporates the TRAC
site).4 For TT-CAR19+ T cells, no breakpoints were identified within
the sensitivity limits of the assay across 350 interphase spreads in
Cas9-treated cells and across 600 interphase spreads in non-treated
cells (Figure 4A). Further investigations compared these two popula-
tions using three independent modalities based on whole-genome
sequencing (WGS), targeted NGS, and Digenome-seq. Predicted
on-target insertion or deletion (indel) modifications captured by
Digenome-seq had a score of 82.9%, corroborated by targeted ampli-
fication of the TRAC locus and analysis of more than 35,000 reads by
NGS, which revealed an indel frequency of 92.3% versus 0.00% in
non-edited cells (Figures 4B and 4C; Table S1; Figure S2). In compar-
ison, estimates by TIDE-PCR and 30�WGS had yielded lower modi-
fication efficiencies of 79% and 54%, respectively, reflecting less
informed analysis techniques and lower read depths. Comparing
events at 49 in silico predicted off-target sites by WGS and NGS
and across ten additional gene loci with 14q translocation phenomena
known to be associated with T cell leukemias (TAL1, LCK, REL,MYC,
NOTCH1, TLX1, THUMPD1, BCL11B, TCL1A, and TCL1B), there
were no notable differences between the modified and non-modified
samples (Table S1). In addition, Digenome-seq captured a further 12
off-target sites, of which 8 were distinct, not having been predicted in
silico, with 3 of 12 showing DNA cleavage scores between 3.5%–16%
Molecular Therapy Vol. 26 No 5 May 2018 1217
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Figure 2. Validation of the Terminal CRISPR-CAR Vector and Titration of the Cas9-Mediated Knockout Effect in Primary Human T Cells

(A) PCR amplification of proviral 50 LTR elements spanning the DU3 and Psi regions (755-bp band) and 30 LTR (742-bp band) confirmed the presence of duplicated Pol

III-sgRNA in T cells transducedwith TT-CAR19. (B) qRT-PCRmeasurement of the TRAC sgRNA fold change 0, 1, 3, 4, 7, and 11 days after transduction shows stabilization of

sgRNA expression after 4 days. (C) Quantification of TCR knockout following Cas9 mRNA electroporation of primary T cells 1, 2, 3, 4, 7, or 11 days after TT-CAR19

transduction, showing optimal TCR disruption occurring at the 3- to 4-day time point. Percent knockout was calculated by flow cytometry-based detection of TCR expression

in the CAR19+ population. (D) Following Cas9mRNA electroporation, Cas9 protein expression detected as a 160-kDa band peaked after 12 hr and became undetectable by

72 hr. b-Actin detection (42 kDa) verified protein loading. (E) Coupling of transgene expression and TCR disruption effects across a gradient of Cas9 mRNA concentrations in

TT-CAR19-transduced PBMCs exhibiting more than 70% CAR19 expression. (F) PCR amplification and analysis by TIDE algorithm for the detection of NHEJ signatures

across the TRAC locus confirmed Cas9 dose-dependent scission and repair effects.
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(Figures 4C and 4D; Table S2). However, further NGS-based interro-
gation of these 12 sites in TT-CAR19+TCR� DNA did not detect
genomic disruption (Figure 4D; Table S2). Wider, unbiased genomic
variant calling using read frequency-based significance thresholding
on WGS data identified a comparable number of single nucleotide
variants (SNVs), insertions, and deletions in both Cas9-treated and
non-treated cells (Figure 4E).

Further analysis of “CRISPR-specific” mutations in the WGS data,
which considered sequences proximal to PAM motifs, found that
61% of indels were unique to TT-CAR19+TCR� Cas9-treated samples
compared with 39% of changes in non-treated cells (Figure 4F). Simi-
larly, the translocation frequencywas comparable in both samples (Fig-
ure 4G),with 57%of structural unique variants detected inCas9-treated
cells and 42% in non-treated samples (Figure 4H). Additional filtering
of these sites identified 16 Cas9-treated and 14 non-treated changes as
precise changes. Interestingly, one unpredicted site appeared to have
been the subject of unanticipated modification. Chr3:128630177-
128630178, encoding RPN1, was found to have a 15% frameshift-asso-
ciated indel frequency (8 of 50 reads) compared with 0 of 33 control
sample reads. This site was not identified by Digenome-seq analysis,
and further interrogation of the RPN1 locus by NGS discounted these
indels, highlighting the limitations of low-depth sequencing and
emphasizing the need for multifaceted investigations. Importantly, at
the cellular level, T cell function was preserved, and there was no
evidence of overt toxicity in the edited TT-CAR19+TCR� product.

TT-CAR T Cell Anti-leukemic Activity In Vivo

A humanized murine model of leukemic clearance was used to assess
in vivo function of engineered CAR19 T cells. Non-obese diabetic
(NOD)/severe combined immunodeficiency (SCID)/gc�/� (NSG)
mice inoculated intravenously with 5 � 105 CD19+EGFP+luciferase+

Daudi cells were imaged after 3 days and then, in groups of 8 animals,
injected with either TT-CAR19+TCR�, CAR19+TCR+, or untrans-
duced CAR19�TCR+ effector cells. Serial bioluminescence imaging
was performed on days 7, 10, and 14, and half of the animals were
then tracked for a further 14–21 days (Figures 5A and 5B). There
was rapid clearance of tumors in groups receiving CAR19+ T cells,
with negligible signal by day 14, in contrast to mice receiving non-
mRNA electroporation, T cells were expanded in the integrated cultivation chamber be

TCR knockout effects and CAR expression were assured in the final product. (B) Flow c

supplied with Cas9 provided comparator data. Addition of Cas9mRNA by electroporatio

more than 99%by TCRab depletion usingmagnetic beads. The resulting population was

TRAC locus in TT-CAR19 T cells with and without Cas9 mRNA electroporation, confir

against 51Cr-labeled CD19+ SupT1 cells across a range of CAR19+ effector-to-target

(p = 0.4461) but not for UTD CAR19�TCR+ populations (blue) (p < 0.0001), indicating

universal cells. CD19� control targets confirmed specificity (dotted lines) (p < 0.0001).

between CAR19�TCR+ and CAR19+TCR+ (F = 70.37, degrees of freedom numerat

CAR19+TCR� (F = 47.65, DFn = 1, DFd = 44, p < 0.0001) effectors against CD19+ Sup

effectors (F = 0.59, DFn = 1, DFd = 36, p = 0.45). (E) CD107a degranulation resp

TT-CAR19+TCR� effectors when co-cultured with CD19+ Daudi targets. Phorbol 12-m

served as positive controls for the detection of HLA-DR, IFNg, CD107a, and CD25. Erro

cytokines in supernatant from co-cultures with SupT1 targets found comparable level

represent SEM of technical replicates (n = 3).
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transduced T cells or PBS (***p < 0.001) (Figure 5A). Interestingly,
TT-CAR19+TCR� (n = 8)-mediated clearance by day 14 was superior
compared with clearance in CAR19+TCR+ T cell-injectedmice (n = 8)
(*p < 0.05) based on bioluminescence quantification (Figure 5C).
Flow cytometric analysis was undertaken for GFP+ Daudi cell and
CD45+CD2+ effector T cell populations harvested from bone marrow
of mice injected with TT-CAR19+TCR� (n = 4 of 8), CAR19+TCR+

(n = 5 of 8), CAR19�TCR+ (n = 5 of 8), and PBS (n = 3 of 3). By
day 14, less than 0.01% (0.009% ± 0.006%) of total marrow harvested
from long bones of mice injected with TT-CAR19+TCR�

and < 0.007% ± 0.002% of CAR19+TCR+-injected mice expressed
GFP Daudi cells, indicating a highly significant (>45-fold) reduction
compared with the 0.416% ± 0.301% (*p < 0.05) and 0.336% ± 0.246%
tumor content detected in the marrow of CAR19�TCR+ and PBS
control animals, respectively (Figure 5E).

By day 28, the remaining control CAR19�TCR+ animals exhibited a
further 125-fold increase in tumor burden, and the mice were culled,
revealing a low T cell-to-tumor ratio on flow analysis despite a signif-
icant expansion of CD45+CD2+ T cells in the final 2 weeks. The
remaining treatment groups weremonitored until day 34 (Figure 5A).
Radiance increased in the CAR19+TCR+ group but not in the
TT-CAR19+TCR� group (Figure 5C) during this period, with the
bioluminescence signal appearing to localize in the bone marrow.
This finding was supported by flow cytometry data showing that GFP+

Daudi cells in marrow had increased 6-fold in the CAR19+TCR+

group (*p < 0.05) (Figures 5D and 5E). Interestingly, on further anal-
ysis, we found evidence of antigen escape with clearly demarcated
populations of CD20+ GFP+ Daudi cells that had lost CD19+ expres-
sion in all three animals (Figure 5F).

The TT-CAR19+TCR� group exhibited the highest levels of CAR19+

T cells at both 2 and 5 weeks and had the lowest tumor burden (Fig-
ure 5E), retaining the highest T cell:tumor ratio throughout. In
contrast, the median CAR19 percentage was 34.5% (32.3–53.6) in
CAR19+TCR+-treated mice at 2 weeks, and this rose to 92.9%
(47.4–93.9) by 5 weeks, consistent with notable expansion of trans-
duced populations. The intensity of CAR19 expression on flow cy-
tometry was higher in TCR� animals than TCR+ ones, but the
fore magnetic bead depletion of residual TCRab cells. As a consequence, coupled

ytometry of untransduced (UTD) cells and cells transduced with TT-CAR19 but not

n resulted in TCR loss in more than 52% of cells, and this population was enriched to

more than 97%CAR19+. (C) PCR amplification and analysis by TIDE algorithm of the

ming on-target NHEJ repair signatures. (D) Comparable CD19-specific cytotoxicity

ratios was detected for CAR19+TCR+ (green) and TT-CAR19+TCR� effectors (red)

intact effector function after the additional processing steps required to generate

Error bars represent SEM (n = 3). Linear regression analysis showed significance

or [DFn] = 1, degrees of freedeom denominator [DFd] = 36, p < 0.0001) or TT-

T1 targets. No significance was seen between CAR19+TCR+ and TT-CAR19+TCR�

onses detected by flow cytometry were also comparable in CAR19+TCR+ and

yristate-13-acetate (PMA) and ionomycin stimulation of TT-CAR19+TCR� effectors

r bars represent SEM of technical replicates (n = 3). (F) Flow cytometric detection of

s of IFNg and TNF-a for CAR19+TCR+ and TT-CAR19+TCR� effectors. Error bars
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difference was not significant. Interestingly, TCR+ mice exhibited
high levels (84.5% (55.6–89.8)) of the exhaustion marker PD1 on
T cells compared with 15.1% (8.2–20.4) at 2 weeks (Figure 5G).
This was also documented in non-transduced CAR19�TCR+ con-
trols, where PD1 levels of 48.6% (37.6–49.9) at 2 weeks and 83.5%
(34.9–99.1) at 4 weeks had been observed in predominantly CD4+

but also CD8+ T cells. Of note, TT-CAR19+TCR- effectors had the
least exhausted phenotype with the lowest levels of PD1 expression
of 6.8% (5.51–13.1) and 24.8% (16.0–50.0) at both the 2- and
5-week time points, respectively.
Mo
DISCUSSION
There is accumulating evidence for the efficacy
of T cells engineered to express CARs against
leukemia antigens such as CD19 in the manage-
ment of relapsed B cell malignancies.1 As well as
autologous T cells, HLA-matched allogeneic
T cells from hematopoietic stem cell donors
have been used, and, recently, non-HLA-
matched universal CAR T cells have entered
clinical phase assessments.4 These cells were
edited using TALENs to disrupt the TRAC locus
to prevent GVHD and at the CD52 locus to
confer resistance to the lymphodepleting antibody alemtuzumab.
The modification process employed a multiplex approach, delivering
mRNA encoding two highly specific TALEN pairs by electroporation,
which conferred high-frequency allele modification but was also
associated with predicted and unpredicted translocation events of
unknown significance. In the case of the TRAC locus, in most
T cells, allelic exclusion operates to ensure that only a single TCRab
configuration is expressed, and, therefore, NHEJ-mediated disruption
of the active allele is theoretically sufficient to disrupt cell-surface
TCRab expression. Downstream processing using CliniMacs TCRab
lecular Therapy Vol. 26 No 5 May 2018 1221
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magnetic bead depletion ensures removal of residual TCRab+ cells
and readily yields highly purified (>99%) TCRab� T cells. However,
the shortcomings of current TALEN-based approaches include vari-
able lentiviral transduction efficiencies between batches and, in the
absence of an enrichment strategy to ensure that all cells are
CAR19+, variations in total cell dosing required to achieve a particular
CAR19 dose. In turn, the total T cell dose is a critical parameter that is
determined, and limited by, the absolute number of residual TCRab
cells that might be adoptively transferred as part of the total cell dose.
Under existing approaches, TCRab� cells may be CAR19+ or
CAR19�, but, by coupling gene-editing effects to CAR19 expression,
the TT-CAR19 configuration yields highly purified T cells that are
CAR19+TCRab�. This system has a number of advantages. (1) The
incorporation of the CRISPR guide into the 30 LTRmitigates interfer-
ence effects and ensures intact transgene expression for highly effi-
cient transduction and TRAC editing effects. (2) Coupling effects
become fully manifest after completion of downstream processing
and depletion of residual TCRab cells, by which stage the product
is highly homogeneous CAR19+TCRab�. (3) Transient delivery
and expression of Cas9 (as stabilized, reduced immunogenicity
Cas9 mRNA) provides time-limited DNA cleavage effects and re-
duces the risk of immunogenicity, and, using this approach, manufac-
ture of a single Cas9 mRNA batch can service multiple terminal
vector-CRISPR RNA guide combinations, reducing costs and saving
time associated with the manufacture of bespoke raw materials for
different CRISPR/Cas9 targets. (4) The process is readily incorpo-
rated into an automated manufacturing platform, facilitating early
clinical application.

Investigations into on- and off-target effects in TALEN-edited
T cells have previously reported translocations between TRAC and
CD52 target sites of up to 1%, and we previously found that around
4%–5% of cells exhibited abnormal karyotypes, with evidence of
various TRAD translocations found on breakpoint FISH probe anal-
Figure 5. Human:Murine Leukemia Responses by TT-CAR19+ Effector T Cells

(A) Serial bioluminescence imaging (BLI) of NSGmice following intraperitoneal administra

organ harvest time points over the 5-week period. (C) Progressive increases in radiance

indicated leukemic progression within 2 weeks and resulted in death by 4 weeks of the

(n = 8) or TT-CAR19+TCR� (n = 8) effectors exhibited significantly delayed leukemic p

5 weeks in three animals with CAR19+TCR+ and four with TT-CAR19+TCR� cells. The

represent SEM. Linear regression analysis showed significance among all groups: CA

CAR19+TCR� versus CAR19�TCR+ (F = 53.77, DFn = 1, DFd = 92, p < 0.0001), and TT

Dotted lines represent Mann-Whitney U test (*p = 0.0499, ***p = 0.0002). (D) Representa

demonstrating a greatly reduced but well demarcated population of GFP+ leukemia in C

CAR19�TCR+ cohort (n = 5 [2 weeks]/n = 3 [4 weeks]). In contrast, leukemia was barel

Human T cells were detected asCD2+ cells in all groups. (E) Disease burden after 2week

circles) (n = 5 [2 weeks]/n = 3 [4 weeks]). Disease was barely detected in TT-CAR19+TCR

reduced compared with the CAR19+TCR+ (green squares) effector group (n = 5 [2 we

(p = 0.0357 versus p = 0.0159); error bars represent SEM. (F) Phenotypic assessment

populations in animals treated with CAR19+TCR+ cells (n = 3), whereas the leukemia de

leukemia cells in TT-CAR19+TCR� animals (n = 4) precluded further characterization. (G

n = 3 [5 weeks]), CAR19+TCR+-treated (n = 5 [2 weeks]/n = 3 [4 weeks]), or TT-CAR19+

T cells. There was markedly increased expression in CAR19�TCR+ and CAR19+TCR+ T

expression levels in cells measured in vitro (CAR19�TCR+, 20.4%; CAR19+TCR+, 20.5%

highest increase in PD1 at termination over the CAR19�TCR+ and TT-CAR19+TCR� g
ysis.4 Similar analysis in TRAC-modified TT-CAR19+TCR� T cells
did not detect any similar segregation of these FISH probes,
although the sensitivity limitations of FISH mean that translocations
may have occurred below the limits of detection. We used three
different platforms to confirm TRAC-specific activity and the
absence of off-target effects. WGS found comparable, very low fre-
quencies of indel events across the genome, including exonic
sequences, for both Cas9-treated and non-treated cells. Although
there was increased detection of structural variants in the edited
samples, interrogation of the highest-ranking in silico predicted
off-target sites found edited and non-edited samples to have a
similar frequency of changes in both WGS and higher-resolution
NGS outputs. Similar findings were recorded across ten additional
genes known to be sites of 14q translocations associated with
T cell leukemia. There are a number of important caveats and lim-
itations to the application of WGS for analysis of gene editing effects,
including limited read depth. Digenome-seq has the capacity to
detect low-frequency events (0.1%–1%), and the specificity of the
TRAC guide sequence was validated with negligible off-target effects
that were further interrogated by NGS and also found to be absent in
Cas9-treated cells. Nuclease-mediated effects below this level, how-
ever, are difficult to confirm, given the sequencing error rates.15,16

A single unpredicted site in RPN1 was identified by WGS and could
have represented an off-target site for our TRAC-specific sgRNA, but
this was discounted upon further interrogation by NGS and by
Digenome-seq. This highlights a potential limitation of relying on
low-depth sequencing platforms and suggests that a multi-platform
approach using tools such as Digenome-seq,17 GUIDE-seq,18 or
lentivirus capture19 coupled with high-resolution sequencing is
paramount.

Finally, in vivo modeling revealed that TT-CAR19 T cells mediated
highly effective leukemic eradication with less evidence of exhaus-
tion compared with conventional TCR-expressing CAR19 T cells.
against CD19+GFP/Luciferase Daudi Targets

tion of D-luciferin substrate. (B) Timeline of tumor and effector cell injection, BLI, and

(p/s/cm2/sr) in non-treated (n = 3) or control CAR19�TCR+ (n = 8) effector groups

three animals subjected to extended monitoring. Mice injected with CAR19+TCR+

rogression by 2 weeks compared with CAR19�TCR+ (p = 0.0002), as tracked for

latter exhibited the lowest disease radiance at termination; p < 0.0001, error bars

R19+TCR+ versus CAR19�TCR+ (F = 29.79, DFn = 1, DFd = 87, p < 0.0001), TT-

-CAR19+TCR� versus CAR19+TCR+ (F = 8.93577, DFn = 1, DFd = 95, p = 0.0036).

tive flow cytometry plots gated on human CD45+ populations in bone marrow (BM),

AR19+TCR+-treated mice (n = 5 [2 weeks]/n = 3 [5 weeks]) compared with the UTD

y detectable in TT-CAR19+TCR�-treated animals (n = 4 [2 weeks]/n = 4 [5 weeks]).

s and at termination in BMwas highest in control CAR19�TCR+-treated animals (blue
� animals (red triangles) (n = 4 [2 weeks]/n = 4 [5 weeks]) and found to be significantly

eks]/n = 3 [5 weeks]) at termination compared with CAR19�TCR+ 2-week values

of leukemia in BM at termination uncovered the emergence of CD19�CD20+ Daudi
tected in control animals CAR19�TCR+ (n = 3) was CD19+CD20, and the paucity of

) Representative flow cytometric data from CAR19�TCR+-treated (n = 5 [2 weeks]/

TCR�-treated (n = 4 [2 weeks)/n = 4 [5 weeks]) animals showing PD1 expression on

cell-injected groups measured at 2 weeks and at termination compared with initial

; TT-CAR19+TCR�, 9.7%) before infusion into mice. CAR19+TCR+ cells showed the

roups.
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The latter was unexpected, given that characterization of CAR19-
transduced populations by flow cytometry, cytokine array profiles,
and functional studies in vitro had not detected any notable differ-
ences between TCR-depleted CAR19 cells and conventional TCR+

CAR19 T cells. In human:murine chimeras bearing Daudi B cell
leukemia tumor inoculations, animals dosed with TT-CAR19
T cells exhibited potent anti-leukemic effects without xenoreactive
GVHD within the period of testing and reduced upregulation of
the exhaustion marker PD1 compared with control groups that
had retained TCR expression. This is consistent with previous
murine studies20 and clinical trials of donor-derived human
CAR19 T cells where TCR-mediated co-activation may drive
exhaustion.21

Interestingly, flow characterization of Daudi cell surface marking in
mice treated with CAR19+TCR+ T cells revealed that a notable pro-
portion had clearly lost CD19 expression at the time of culling, and
this was not evident in tumor cells recovered from control
CAR19�TCR+-treated mice. This phenomenon is reminiscent of
clinical reports from patients who relapsed with CD19-negative
leukemia after a period of remission following CAR19 therapy, and
we speculate that CD19 tumor populations acquired a survival advan-
tage and expanded in the face of CAR19 immunity, although the
absence of similar expansions in mice treated with TT-CAR19+TCR�

requires further investigation with larger numbers of animals.

One advantage of T cell engineering using integrating vector systems
has been their apparent resistance to possible transformational
events as a result of vector integration, and to date there have
been no reports of human T cell insertional mutagenesis. Even in an-
imals, vector-mediated leukemiagenesis in T cells has rarely been
encountered, and only in highly stressed artificial model systems.22

Similar resilience may be anticipated following gene editing,
although loci such as the TRAC site have known translocation asso-
ciations with T cell leukemia. We screened such sites by WGS, and
all were found to be intact. In the absence of informative animal
models, cautious deployment and careful patient monitoring will
be essential to determine risks in early-phase trials. Similarly,
modeling in immunodeficient mice is not representative of clinical
scenarios where lymphodepleting conditioning is required to over-
come host-mediated rejection of non-matched universal T cells,
but accumulating experience in clinical trials is helping to determine
the intensity of such regimens.

The terminal vector configuration described here utilized Strepto-
coccus pyogenes Cas9 but is readily adapted for other similar nucle-
ases,15,23–25 nickases,26 deactivated Cas systems,27,28 or cytidine
deamination-linked enzymes.29 The proof-of-concept configuration
described here has been adapted further to include multiple guide
cassettes for multiplex modifications, including simultaneous B2m
disruption to deplete MHC class I expression and PD1 disruption
to promote T cell invigoration. The platform could, with certain
revisions, also be used for targeted CAR insertion into the TRAC
locus, as recently described using an adeno-associated virus.30 How-
1224 Molecular Therapy Vol. 26 No 5 May 2018
ever, the first planned therapeutic applications will be more straight-
forward and will exploit coupling of CAR19 and TCRab depletion as
a bridging strategy to transplantation. Thereafter, multiple applica-
tions are envisaged, where ex vivo cell manipulation requiring
vector-mediated integration of transgenes encoding receptors, selec-
tion markers, or suicide genes need to be combined with therapeutic
editing effects.

MATERIALS AND METHODS
CRISPR-CAR Vector System

A third-generation SIN lentiviral vector described previously,31

expressing a CAR19 transgene, was subjected to cloning incorpo-
rating an HIV-1 central polypurine tract (cPPT) element, and
mutated woodchuck post-transcriptional regulatory element
(WPRE) for the expression of a CAR19 transgene under the control
of a human PGK promoter was subjected to site-directed mutagen-
esis to remove BbsI, BsmbI, and SapI restriction sites using a
QuickChange Lightning Kit (210518, Agilent Technologies, Santa
Clara, USA). U6 and H1 CRISPR guide cassettes were then cloned
into the DU3 region of the 30 LTR using In-Fusion HD Cloning
Plus (638909, Takara Bio Europe, Saint-Germain-en-Laye, France).
BbsI restriction sites were then incorporated between the Pol III
promoter and scaffold sequences to allow for efficient guide
sequence substitution. GeneART-synthesized CRISPR cassettes
(Thermo Fisher Scientific, MA, USA) based on the Shalem et al.10

Streptococcus pyogenes Cas9 scaffold sequence were cloned into
the DU3 region of the 30 LTR. Concentrated vector preparations
were produced by transient transfection of 293T cells as described
previously.32,33

Primary Human Lymphocyte Culture and Modification

Peripheral blood mononuclear cells (PBMCs) were isolated by
Ficoll-Paque density gradient and subsequently activated with
TransACT reagent (130-109-104, Miltenyi Biotec, Surrey, UK).
Use of white blood cells from healthy donor blood donations for
the development of gene and cell adoptive immunotherapies was
approved by the Research Ethics Committee (REF:14/LO/0054).
Lymphocytes were cultured in TexMACS medium (130-097-196,
Miltenyi Biotec) with 3% human AB serum (GEM-100-512-HI,
Seralabs, Brussels, Belgium) and 100 U/mL Proleukin IL-2 (Novar-
tis, Surrey, UK). PBMCs were transduced with lentiviral vector
24 hr after activation at an MOI of 5, and Cas9 mRNA electropo-
ration was performed 3 days later. Lymphocytes were cultured until
day 11 after activation and then cryopreserved in 90% fetal calf
serum (FCS) and 10% DMSO. Scaled experiments utilized a
semi-automated platform as described recently.34 Briefly, the
T cell transduction (TCT) program was adapted on the CliniMACS
Prodigy using tubing set TS520 (130-019-002, Miltenyi Biotec) and
used cryopreserved leukapheresis harvests (Allcells, Alameda,
USA) cultured in TexMACS good manufacturing practice (GMP)
medium (170-076-307, Miltenyi Biotec) supplemented with 3%
human AB serum (Seralabs) and 20 ng/mL MACS GMP human
recombinant IL-2 (170-076-146, Miltenyi Biotec).34 Cells were acti-
vated with TransAct T cell reagent (Miltenyi Biotec), transduced
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24 hr after activation at an MOI of 5, and electroporated with Cas9
mRNA on day 4.

Detection of NHEJ Events

PCR amplicons of genomic DNA were sequenced and analyzed using
TIDE protocols (https://tide.nki.nl/).35 (Further details can be found
in the Supplemental Materials and Methods.)

FISH Studies

Translocation events involving the TRAD locus were investigated
using a dual-color, break-apart FISH probe (Cytocell TCRAD LPH
047-S; 14q11, red/green fusion) to interrogate interphase nuclei.
A normal signal pattern comprises 2 fusion signals, and TRAD rear-
rangements exhibit segregated single red/green markers.

In Vitro Cytotoxicity

The cytotoxic function of CAR19�TCR+, CAR19+TCR+, and TT-
CAR19+TCR� T cells was assessed by co-culture with 51Cr-loaded
CD19+ or CD19� SupT1 target cells at increasing effector-to-target
(E:T) ratios in a 96-well format for 4 hr at 37�C. Release of 51Cr
was quantified using a microplate scintillation counter, and specific
cytotoxicity was calculated.

NGS

On-target and potential off-target sites were amplified using Phusion
polymerase (New England Biolabs), and the resulting PCR amplicons
were amplified again using TruSeq HT Dual Index primers to make a
library. Libraries were then subjected to paired-end sequencing using
MiniSeq (Illumina).

Digenome-Seq

To induce Cas9-mediated in vitro cleavage of genomic DNA, 100 nM
Cas9 protein and 300 nM TRAC-targeting sgRNA were incubated
with 10 mg genomic DNA in a reaction buffer of 500 mL (100 mM
NaCl, 50 mM Tris-HCl, 10 mM MgCl2, and 100 mg/mL BSA [pH
7.9]) at 37�C for 8 hr. Digested DNA was incubated with 50 mg/mL
RNase A (QIAGEN) at 37�C for 30 min to remove sgRNA and puri-
fied again with a DNeasy Tissue Kit (QIAGEN). Digested genomic
DNA was fragmented with a Covaris system (Life Technologies)
and ligated with adapters to produce libraries that were subjected to
WGS using a HiSeq X Ten Sequencer (Illumina) at Macrogen.
Cas9-mediated in vitro cleavage of genomic DNA was performed,
and DNA cleavage scores were calculated using a scoring system
described previously.17,36

WGS

Genomic DNA was extracted from CAR19+TCR+ and TT-
CAR19+TCR� cells using the DNeasy Blood and Tissue Kit
(QIAGEN). Approximately 1.5 mg of genomic DNA was analyzed
at Applied Biological Materials Inc. (Richmond, BC, Canada), by
30� WGS using the MiSeq platform. Overall alignment rates
were >99.9% and correct pairing >>98.3%. GATK and DELLY
were used to identify single nucleotide variance, indels, and other
structural differences. Targeted assessment of the TRAC locus
and 49 predicted possible off-target sites was undertaken as well
as screening of ten known gene sites where translocations of 14q
have known leukemic associations.

In Vivo Anti-tumor Activity

NSG mice were inoculated intravenously (i.v.) with 5 � 105 CD19+

Daudi tumor cells by tail vein injection on day 0. The tumor
cells had been stably transduced to express both EGFP and luciferase.
Tumor engraftment was confirmed by in vivo imaging of biolumines-
cence using an IVIS Lumina III In Vivo Imaging System (PerkinElmer,
MA, USA, live image version 4.5.18147) on day 3. Animals were in-
jected on day 4 with either PBS (n = 3), 5 � 106 untransduced
CAR19�TCR+ T cells (n = 8), 8 � 106 CAR19+TCR+ T cells (n = 8),
or 5� 106 TT-CAR19+TCR� T cells (n = 8). Analysis of tumor clear-
ance was performed by serial bioluminescence imaging, and process-
ing of bone marrow for the monitoring of tumor progression versus
clearance was carried out on days 7, 10, 14, 18, 21, 28, and 35. Bone
marrow samples were processed by red blood cell lysis followed by
staining for flow cytometry. All animal studies were approved by the
University College London Biological Services Ethical Review Com-
mittee and licensed under the Animals (Scientific Procedures) Act
1986 (Home Office, London, United Kingdom). (Further details can
be found in the Supplemental Materials and Methods.)

Statistics

A two-tailed Mann-Whitney U test was used for non-parametric
comparison of grouped data, and values are presented as mean
percentages of three or more samples with SEM or SD or as a
median with the 25th and 75th percentiles (50% central range) stated.
Linear regression was used for the comparison of serial measure-
ments, taking each Y value as an individual point. All statistical ana-
lyses were performed using GraphPad Prism software version 5.01.
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