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ABSTRACT

Engineering human T cells for the treatment of cancer, viral infections and autoimmunity has been a long-standing dream of many immunologists and hematologists.
Although primary human T cells have been genetically engineered for decades, this process was challenging, time consuming and mostly limited to transgene in-
sertions mediated by viral transduction. The absence of widely accessible tools to efficiently and precisely engineer T cells genetically in a targeted manner limited
their applicability as a living drug. This fundamentally changed with the discovery of CRISPR/Cas9 and its adaptation to human T cells. CRISPR/Cas9 has made T cell
engineering widely accessible and accelerated the development of engineered adoptive T cell therapies. Only 6 years after the discovery of CRISPR/Cas9 as a
biotechnological tool the first CRISPR engineered T cells have been administered to patients with refractory cancers in a phase I clinical trial. Novel Cas proteins -
natural and engineered ones - are rapidly emerging. These offer for instance increased flexibility, activity and/or specificity. Moreover, sophisticated protein en-
gineering and fusions of Cas with deaminases or reverse transcriptases enable genomic DNA editing without the need for a double strand cut. Thus, the “CRISPR tool
box” for experimental use as well as for novel therapeutic approaches is rapidly expanding. In this review, we will summarize the current state of CRISPR/Cas-based

engineering in human T cells for basic research and its clinical applications.

How to “crispr” human T cells?

The basic principle of most genome engineering technologies relies
on the introduction of DNA double strand breaks (DSBs) at a specific
gene region in a highly controlled manner. Zinc finger nucleases (ZFNs)
or transcription activator-like effector nucleases (TALENSs) have been
the engineering tools of choice for a long time. These classical designer
nuclease systems are based on the engineering and correct orientation of
two DNA-binding protein domains each fused to one Fokl DNA single-
strand cleavage domain to introduce a DSB (reviewed in: [1-3]). How-
ever, the challenging design and protein engineering process for two
designer nucleases to introduce one single DSB limits their throughput
and their accessibility for experimental editing. In 2012, it was discov-
ered that a clustered regularly interspaced short palindromic repeats
(CRISPR)-associated protein 9 (Cas9) system, which acts as an integral
part of the adaptive immune system in many bacteria and archaea, is a
programmable RNA-guided DNA endonuclease. The fundamental dif-
ference to ZFNs or TALENS is that the cutting specificity is determined by
the guide RNA (gRNA), not the protein, which enables simple redirect-
ing of the endonuclease to almost any site in the genome [4,5]. Shortly
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after, the functionality of CRISPR/Cas9 in different mammalian cell
types including human cell lines could be proven, establishing
CRISPR/Cas9 as a novel cell engineering tool [6-8].

To introduce DSBs the DNA endonuclease Cas9 forms a complex with
a gRNA, which consists of a heteroduplex of two individual RNAs - the
CRISPR RNA (crRNA) and the trans-activating CRISPR RNA (tracrRNA).
The active Cas9:crRNA:tracrRNA complex scans the DNA for a proto-
spacer adjacent motif (PAM) and the DNA sequence complementary to
the approximately 20 nt long protospacer sequence encoded in the
crRNA. The widely used Streptococcus pyogenes Cas9 (SpCas9) requires
the relatively short PAM sequence NGG (N stands for any nucleotide),
which is frequently found in the genome. Once the complex finds its
target sequence the bound Cas9:crRNA:tracrRNA complex introduces a
DSB approximately 3 nt upstream of the PAM sequence [4,5]. Cas9 is
composed of two distinct nuclease domains to introduce the DSB — the
HNH-like nuclease domain which cuts the DNA strand complementary
to the protospacer sequence (target strand) and the RuvC-like nuclease
domain that cleaves the opposite, non-target strand (Cas9 structure and
detailed cutting mechanism reviewed in: [9]). To simplify this system
even further Jinek et al. successfully reduced the bacterial three
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component system to two components by fusing the crRNA and the
tracrRNA to a so-called single-guide RNA (sgRNA) [4].

Initially it has been challenging to introduce Cas9 into human T cells.
Optimized workflows, however, allow the quick and streamlined
introduction of Cas9 into human T cells using viral transduction or
applying Cas9 mRNA, plasmid or recombinant protein using non-viral
methods, most commonly electroporation [10-17]. Alternative
non-viral methods such as cell-penetrating peptide-conjugated Cas9,
liposomes or nanoparticles in different formulations have been suc-
cessful in cell lines, but have not been adapted to T cell editing so far
[18-20].

Duration of intracellular Cas9 expression is an important parameter
determining efficacy and specificity of a given genome edit. Viral
transduction of human T cells allows the constitutive expression of Cas9
[12-14]. This methodology can be attractive to functionally interrogate
gene regulatory elements, but the constitutive expression of Cas9 has
several drawbacks for therapeutic editing [13,14]. The random inte-
gration of the viral genome into the DNA of the host cells as well as the
prolonged expression can result in the accumulation of off-target mu-
tations and an increased risk of oncogenesis [21,22]. Furthermore, the
risk of immunologic rejection is increased [23-25]. In contrast, rapid
cellular degradation of Cas9 protein (24-48 h) or mRNA (several days)
greatly reduces the risk for off-target indels [15,26]. Plasmids encoding
for Cas9 are not commonly used as the achieved editing efficiencies in
human T cells are relatively low [11,16,17]. Moreover, toxicity is much
higher than with mRNA or protein delivery, presumably triggered by an
innate immune response of T cells towards double-stranded DNA
(dsDNA) [17,27,28]. In contrast, combined electroporation of Cas9
mRNA and free, non-complexed sgRNA is well tolerated by T cells and
results in reproducible, efficient editing (Fig. 1; Fig. 2A). However,
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Fig. 1. Workflow of CRISPR/Cas-based editing in human T cells.

activation/
expansion
—_—

Immunology Letters 245 (2022) 18-28

non-complexed gRNAs are easily degraded by RNAses, an effect that can
be significantly reduced by chemical RNA modifications on both termini
[11].

Cas9 ribonucleoproteins (Cas9 RNPs) are composed of a recombinant
Cas9 protein carrying nuclear localization signal (NLS)-sequences
complexed with in vitro transcribed or chemically synthesized sgRNAs.
The Cas9 RNP-complexes are relatively stable, which can result in high
editing rates (Fig. 1; Fig. 2A) [29]. The efficiency of Cas9 RNP electro-
poration can be further enhanced by adding anionic compounds such as
dsDNA, single-stranded DNA (ssDNA) or polyglutamic acid (PGA) and
thereby increasing the solubility of Cas9 [29,30]. Conveniently, the
assembled Cas9 RNPs can be stored at 4°C for several days or lyophilized
with polyglutamic acid (PGA) for long-term storage [29].

Lentiviral transduction of human T cells with Cas9 has been initially
proven to be rather challenging, presumably because of the large size of
SpCas9 resulting in low viral titers and therefore low transduction rates,
which limited this approach to a few successful experiments [12,13].
Recently a second generation of lentiviral transfer plasmids with
reduced size have been developed for highly efficient expression of
different Cas9 variants in human T cells (Fig. 2C) [14]. Alternatively,
Cas9 RNPs have been packaged in engineered lentiviral particles pseu-
dotyped with the CD4-tropic HIV-1 envelope glycoprotein to specifically
target Cas9 RNPs to human CD4" T cells [31].

Once the Cas9:gRNA complex has introduced a DNA DSB, different
cellular DNA repair pathways are activated. The “classical” pathways
include non-homologous end-joining (NHEJ) pathway which can result
in gene knock-outs (KO) and homology directed repair (HDR) allowing
the generation of gene knock-ins (KI) [32,33]. To a lesser extent alter-
native DNA repair pathways such as the Fanconi anemia (FA) or the
microhomology-mediated end joining (MMEJ) pathway contribute to

genome analysis -
indel sequencing

tceo

GCG AG TCG GCAG G TG

P ;/V‘ functional
¢ — o ° studies
(o I

polycIBnaI
KO/KI cells

pooled CRISPR screens‘
//7

[N

\F/afg\/‘\

TEm  gRNAT

s —
gRNA3 “®

arrayed CRISPR screens|

* T 980
[, s

&

G0
0

/GRNAD /GRNAB) /GRNAD\

Following isolation of primary human T cells out of human blood and CD3/CD28 activation, the Cas enzyme is introduced into the cells together with the sgRNA
using viral or non-viral methods. For HDR-mediated KI, templates are additionally added. The validation of successful genetic perturbation and phenotypic changes
are determined by sequencing analysis, immunostaining, or functional studies. In addition, T cells can be assessed in pooled and arrayed screens for high/medium-

throughput loss- or gain-of function studies.
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Fig. 2. Editing systems applied in human T cells using CRISPR/Cas.

A) Cas9 ribonucleoprotein (RNP)-based editing: After hybridizing of the gRNA with Cas9 protein the generated Cas9 RNP is transferred in T cells via electroporation
(EP). The Cas9 nuclease cuts 3 bp upstream of the PAM sequence and induces a double strand break (DSB), that is followed by endogenous repair mechanisms

resulting in knock-out or knock-in edited T cells.

B) Base editing: Base editors (BEs) consist of a Cas9 nickase fused to a deaminase which converts one targeted nucleotide to another without the need for a DSB and a
homology directed repair template (HDRT). To transfer base editors to human lymphocytes the highest editing efficiency was achieved by EP of gRNA and the mRNA

of codon-optimized BEs (coBE).

C) Double transduction (TD): Optimized lentiviral backbones enable the lentiviral transduction of dCas9-effector enzymes together with viral gRNA pools.
D) SLICE/guide SWAP: To perform large-scale screens in human T cells SLICE and guide SWAP have been developed. Here, transduction and EP are combined, as a
gRNA pool is lentivirally transduced into the cells and Cas9 protein (SLICE) or non-targeting Cas9 RNPs (guide SWAP) are introduced via electroporation into human

T cells.

the DNA repair outcome [34-36]. However, the contribution of these
alternative DNA repair pathways to the DNA repair outcome following a
Cas9-induced DSB is not well characterized yet but MMEJ can dominate
over HDR [33,37].

Generation of knock-out human T cells: Introducing indels

NHEJ is a simple and fast mechanism to re-join the cut DNA-ends and
is active throughout the cell cycle. However, this repair pathway is
inherently error-prone resulting in the frequent loss or addition of nu-
cleotides leading to mutations, also called insertions-deletions
(“indels™). Indels can induce frameshifts, pre-mature stop-codons,
nonsense mediated mRNA decay or dysfunctional protein resulting in an
efficient ablation of the gene of interest [38].

The editing efficiency and outcome can be quickly analyzed by
amplicon PCR of the target region followed by Sanger or next generation
sequencing (NGS) [10,16]. The sequencing results can be submitted to
several online tools to determine editing efficiency (Sanger: TIDE
(https://tide.nki.nl), ICE (https://ice.synthego.com/#/); NGS: CRISP-
Resso (https://crispresso.pinellolab.partners.org/submission)) [39,40].

By mixing different Cas9 RNPs the simultaneous perturbation of
multiple genes or increase in KO efficiency can be achieved [41-43]. A
crucial parameter for successful T cell editing with Cas9 RNPs is the
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activation status of the cells and an electroporation program optimized
for the respective T cell stimulation. Seki et al. could nicely show that
naive or anti-CD3/28-stimulated T cells need distinct T cell electropo-
ration protocols for efficient editing and optimal cell survival [43].

Generation of knock-in human T cells: Replacing and inserting
DNA-sequences

In contrast to NHEJ, HDR relies on homology directed repair tem-
plates (HDRTs) for DNA repair. Normally, the corresponding allele acts
as template but by adding exogenous DNA templates this repair pathway
can be co-opted for the controlled replacement or introduction of novel
DNA sequences into the genome. HDR enables the targeted insertion of
DNA sequences, from point mutations to entire cDNAs enabling for
example to fluorescently tag proteins or to repair disease-causing single
nucleotide polymorphisms [44,45]. Importantly, the HDR machinery is
only active throughout late S/G2-phase during the cell cycle [33,46].
HDR KI efficiencies are usually lower than NHEJ-mediated indels. In
addition, the result of an HDR experiment is a mix of cells with unedited
cells, NHEJ repaired cells as well as cells that contain the precise desired
insertion [10,44]. To select KI T cells the simultaneous KI of reporter
genes besides the mutation or gene of interest is an attractive strategy.
For experimental editing KI of “classical” fluorescent proteins are
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frequently used [44]. For therapeutic editing truncated growth factor
receptors which are inactive and importantly not immunogenic, can be
applied [47,48]. However, successful HDR events can also be detected
by amplicon PCR combined with Sanger/NGS sequencing technologies
[39,40]. Beyond that, targeted locus amplification (TLA) enables the
detection of desired as well as undesired HDR integration sites by
proximity ligation [49,50].

Current therapeutic KI editing strategies often rely on gain of func-
tion phenotypes or the introduction of artificial receptors such as T cell
receptors (TCRs) or chimeric antigen receptors (CARs), for which a
successful monoallelic KI can be sufficient [44,51,52]. However, if ho-
mozygous Kls are desired the zygosity cannot easily be controlled. The
KI of different HDRT encoding for different non-immunogenic reporters
and the subsequent flow cytometry-based sorting of double-positive
cells is one possibility. This method requires the generation of two
HDRTs and only a small fraction of cells will acquire both Kls [44].

The transfer of the HDRTs into the cells can be achieved via viral
transduction or by electroporation (Fig. 1) [10,44,45,53]. Adeno asso-
ciated virus (AAV)-encoded HDRTs are highly efficient at introducing
large KI constructs into cells [51,53].

In viral-free systems HDRTs are either encoded on plasmids or
applied as single-stranded or dsDNA fragments that can easily be
generated by PCR or ordered as synthetic fragments [10,44]. ssDNA
donors have the advantage of reducing cell toxicity compared to
double-stranded constructs [29,44,54]. Generally, non-viral constructs
can be developed more rapidly and therefore provide increased flexi-
bility over virus-based HDRTs and are likely safer for patients, although
they tend to result in lower HDR efficiencies especially with large
HDRTs.

To achieve higher KI rates a multitude of strategies has been tested
and developed. Parameters that heavily influence the success involve
strength of the applied T cell stimulation, the general survival of the KI T
cells, the applied gRNA as well as HDRT design itself [29,44]. Further-
more, KI efficiency can be improved by enhancing the transport of the
HDRT into the nucleus. The addition of truncated Cas9 target sequences
(tCTSs) on both ends of the HDRT allows the Cas9 to directly bind to the
HDRT without cutting it. Thus, all components are shuttled together into
the nucleus with the help of the NLS-sequences of the bound Cas9 pro-
tein [29,54].

Besides the optimization of HDRT design other publications focused
their KI strategies on skewing DNA repair pathway choices upon Cas9-
induced DSBs, as for instance the synchronization of the HDR with the
cell cycle progression or the inhibition of the NHEJ pathway using small
molecules or RNAi-mediated knock-down [34,46,54-56]. A multitude of
different inhibitors have been applied to inhibit key enzymes for suc-
cessful NHEJ. However, the effect of these inhibitors seems to be
partially cell type specific [34]. Wienert et al., reported that the FA DNA
repair pathway also plays a crucial role during HDR with ds- and ssDNA
donors. In human T cells treated with the FA-pathway-targeting cycle
7-related protein kinase inhibitor XL413 HDR events could be boosted
[34]. Furthermore, the DNA-PK inhibitors NU7441 and M3814 and the
HDAC class I/II Inhibitor Trichostatin A (TSA) have been reported to
increase HDR frequency in human T cells [54].

Thus, targeted precise engineering of single nucleotides up to a few
thousand base pairs is feasible. The field is very dynamic and a multitude
of approaches are being developed to further increase KI efficiencies.

S. pyogenes Cas9 and beyond

The most popular Cas9 enzyme is still the “originally” published
SpCas9 due to its relatively short and frequently appearing PAM
sequence. However, SpCas9 also has certain limitations including its size
and blunt end cutting, the strictly defined PAM sequence, the risk of off-
target mutations and its limited success in the functional dissection of
gene regulatory elements. Therefore, immediately after the discovery of
SpCas9 other bacterial species were systematically investigated for
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CRISPR/Cas proteins with genome editing potential and Cas variants
were designed to extend the CRISPR tool box.

With regards to the size, the Cas9 of Staphylococcus aureus (SaCas9)
has the advantage of being significantly smaller (124kDa) compared to
SpCas9 (160 kDa) allowing easier lentiviral transduction also in human
T cells [57,58]. In addition, SaCas9 can also be applied by SaCas9 RNP
electroporation [59]. However, the high complexity of the PAM
sequence of SaCas9 (NNGRRT; whereas R is A or G) results in a limited
set of suitable gRNAs [57-59].

Cas9 enzymes with an expanded PAM repertoire can be beneficial to
introduce and functionally validate predicted disease-causing mutations
since these may reside in regions that are inaccessible to SpCas9 (e.g. AT
rich regions). Cas9 enzymes were engineered to recognize different PAM
sequences, to increase their activity while preserving or increasing their
specificity. Joung and colleagues engineered SpCas9 to recognize NGA
and NAG PAMs and SaCas9 to bind towards NNNRRT PAMs [60,61].
Also engineered SpCas9 variants that can bind NRNH PAMs (H is A, C or
T) have been developed [62]. This approach got even further extended
to so-called “SpRY” SpCas9, which recognized NRN and to a lesser extent
NYN PAMs (where Y is C or T). Thus, this SpCas9 variants are now near
“PAMless”, i.e. there are very few restrictions as to where such nucleases
can cut the genome [63].

In addition to that, an important feature of Cas9 is its blunt end
cutting which is a major determinant of DNA repair outcome. The
controlled introduction of “sticky” DSBs with staggered DNA overhangs
was thought to be a boosting factor for HDR. Casl12a (previously Cpfl)
isolated out of Lachnospiraceae or Acidaminococcus sp. is a single RNA-
guided endonuclease lacking a tracrRNA and introducing a staggered
DSB. The PAM for this alternative editing system is TTTV, where "V" is
an A, C, or G, which results in reduced numbers of available gRNAs
compared to SpCas9 [64]. To extend the applicability of Casl2a, vari-
ants with extended PAM recognition and higher on-target activity have
been engineered [65]. However, whether Cas12a or Cas9-mediated HDR
is more efficient will also largely depend on the target locus.

One strategy of reducing the risk of off-target mutation was the
development of so-called Cas9 nickases. They carry alanine substitutions
at key catalytic residues within the nuclease domains: the RuvC mutant
D10A produces a nick on the targeting strand while the HNH mutant
HB840A generates a nick on the non-targeting strand [6,66]. To introduce
a DSB in an alternative manner two Cas9 nickase:gRNA complexes must
act together in the correct orientation. This system can greatly increase
specificity while minimizing off-target effects. However, this system is
also more challenging because both Cas9 nickases need to be available
in one cell and act simultaneously to introduce a DSB [6,44,66-68].

The genetic dissection of gene regulatory elements remains chal-
lenging because of their combinatorial nature. Therefore, nuclease-dead
Cas9 (dCas9) is often used as a programmable shuttle protein to bring
effector molecules of choice to a specific genomic region [67,69]. These
effector domains include among others transcriptional repressors, acti-
vators and DNA-demethylases to target gene regulatory elements for
experimental dissection and functional validation (reviewed in: [70,
711). These constructs are either applied as plasmids into human T cells
or by viral transduction [13,14,72]. Plasmids, which have a sufficiently
long half-life in T cells to result in gene regulatory changes, need a
certain amount of “input cell material” because of the DNA toxicity [27,
28]. Lentiviral transduction resulting in constitutive expression of
dCas9-effectors enables now to perform screens interrogating gene
regulatory elements in human T cells [14].

In general, Cas9 nickases- and dCas9-based approaches massively
expand the CRISPR tool box, but also increase the complexity of
designing efficient gRNAs and need significantly more time and re-
sources for optimization.
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Analyzing and controlling the specificity of CRISPR/Cas
mediated genome editing

To further reduce the risk of off-target effects several high-fidelity
Cas9 nucleases with altered nuclease activity have been engineered
based on screens or rational design [73-80]. Additionally, strategies for
optimal gRNA design and careful monitoring of off-target mutations can
increase the specificity of CRISPR editing [81,82].

The first generation of high-fidelity (HIFI) Cas9 proteins, eSpCas9
(1.1) and SpCas9-HF1, have alanine substitutions to weaken the inter-
action between the HNH/RuvC groove and the non-target strand, or the
interaction with the DNA phosphate backbone of the target strand [73,
74]. In HypaCas9, mutations in the recognition lobe 3 (REC3) domain
increase the proof-reading capacities of the enzymes [75]. The next
generation of HIFI Cas9 enzymes including evoCas9, xCas9,
Sniper-Cas9, HIFI Cas9 and Cas9R63A/768A were selected using
different unbiased screening systems [76-80]. More recently,
structure-based analysis of mismatch surveillance led to the develop-
ment of an engineered Cas9 variant with further reduced off-target DNA
cleavage [83]. To benchmark engineered HIFI Cas9 variants Kim et al.
(2020) systematically compared and ranked several of these Cas9 en-
zymes. The overall activity was highest in the “wildtype” SpCas9 fol-
lowed by Sniper-Cas, eSpCas9(1.1), SpCas9-HF, HypaCas9 /xCas9 and
evoCas9. The cutting specificity, however, is inversely correlated to the
on-target activity with evoCas9 ranked highest followed by
HypaCas9/SpCas9-H, eSpCas9(1.1), xCas9, Sniper-Cas9 and the original
SpCas9 [84]. The lower on-target performance of highly engineered
Cas9 variants can most likely be explained with a significantly lower
intrinsic cleavage rate [85].

In general, gRNAs can tolerate some mismatches which increases the
risk of off-targets. However, the location of the mismatch matters. The
first 8 to 12 PAM-proximal base pairs of the protospacer sequence form a
seed region where mutations are less tolerated compared to mismatches
in the PAM-distal region [4]. To select gRNAs with an optimal on-target
efficiency and safety profile different prediction and scoring systems
have been developed based on experimental data and computational
analysis [81,82]. Besides that, truncated 16 bps-long gRNA protospacer
sequences result in fewer off-targets due to an increased sensitivity to
mismatches [86]. Thus, optimization of a particular gRNA can increase
its specificity for a desired edit.

For the detection of off-target mutations, biased and unbiased ap-
proaches have been applied, each with varying sensitivity and associ-
ated costs. Amplicon sequencing of predicted off-target sites is easy to
implement, but is highly dependent on the computational algorithm
used to identify the potential off-target binding and narrows the analysis
to a limited set of genetic sites with a strong homology to the actual cut
site. In addition, such approaches usually do not account for possible
interindividual sequence variations. Whole genome sequencing (WGS)
on the other hand is an unbiased, but expensive method, and it is still
under debate which read depth would be necessary to sufficiently pick
up rare mutations [87,88]. Therefore, to assess potential off-target
mutations on an unbiased, genome-wide level but still with a reason-
ably high resolution, several specific sequencing methods have been
developed. SITE-seq (selective enrichment and identification of tagged
genomic DNA ends by sequencing), Guide-seq and CIRCLE-seq (circu-
larization for in vitro reporting of cleavage effects by sequencing) are
biochemical methods to detect cut-sites by labeling or by separating
DNA-fragments with off-target cuts based on global, genomic DNA
[89-91]. Alternatively, ONE-seq (OligoNucleotide enrichment and
sequencing) uses a computationally designed and chemically synthe-
sized DNA library to reduce the “background noise” of presumably
irrelevant sequences [92]. Discover-seq and ChIP-dCas9 are chromatin
immunoprecipitation (ChIP)-based methods of bound dCas9 RNPs or
cell intrinsic proteins of the DNA repair machinery to isolate DNA
fragments with DSBs [93,94]. In addition, CAST-seq (chromosomal ab-
errations analysis by single targeted linker-mediated PCR sequencing)
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enables us to determine the frequency of unintended chromosomal
rearrangements using low input cell material [95].

These more sophisticated methods are not standard for experimental
applications and often require higher input material which can preclude
their use in primary cell types. Future development will show which
gold standards will be established for therapeutic applications by re-
searchers in partnership with the regulatory authorities.

Genome editing without DNA double strand break: Base and
prime editing

While most genome engineering applications rely on a dsDNA cut,
this activity bears the risk for chromosomal rearrangements, particularly
with multiplexed editing [95,96]. Therefore, alternative approaches
that do not rely on dsDNA cleavage were developed. Cas9 nickases were
used as programmable vehicles to develop “base editors”, i.e. fusion
proteins that enzymatically and irreversibly convert one targeted
nucleotide to another without the need for a dsDNA break or a HDRT.
Tethering a cytidine deaminase to a Cas9 nickase converts cytidine to
uridine resulting in a cytosine (C) to thymine (T) conversion [97].
Although this is limited to a narrow space of a few nucleotides, it can
result in high efficiency and a very defined genome editing outcome
(Fig. 2B). In particular, uncontrolled indels can be strongly reduced.
Subsequent extensive engineering enabled the creation of molecules
that allow adenine (A) to guanine (G) conversion [98]. Thus, base edi-
tors mediate direct chemical modifications of the target nucleobases in
living cells. Importantly, they avoid the need for cleavage of the nucleic
acid backbone. Although base editors are also RNA-programmable, the
possible editing is more restricted since base editors not only have PAM
restrictions but the attached deaminase can also only act in a limited
“editing window”. However, much like the rapid development of many
different versions of nucleases for DNA cutting, the development of
improved and diverse base editors occurs at a very high pace. For
instance, dual editors which can mediate both cytosine and adenine base
conversions [99,100] and base editors tethered to alternative Cas
nickases (e.g. Casl2a, xCas9) were rapidly engineered [65]. These
molecules have different PAM restrictions and therefore broaden the
number of nucleotides in the genome that are accessible for base editing.
In addition, more recently a near PAM-less SpRY Cas9 molecule was
engineered that is compatible with high fidelity Cas variants and can be
used for cytosine as well as adenine base editing [63]. Thus, many base
editor molecules are available to insert targeted small DNA modifica-
tions in the majority of the human genome. However, the editing de-
pends on the actual sequence context and is therefore more restricted
compared to HDR for instance, where an exogenous DNA sequence can
be freely designed and precisely inserted. Furthermore, within the base
editing “sequence window” also additional off-target mutations have
been reported [101]. In addition, base editors are even larger than the
Cas proteins themselves which can render their delivery challenging. In
human T cells however, base editors delivered as mRNA, particularly
codon-optimized (coBE) or engineered virus-like particles can have very
high editing efficiencies and high T cell viability [101,102] (Fig. 2B). For
molecular details, overviews of the existing base editors and guidance to
choose base editors for specific applications we refer to recent reviews
[103-105].

About half of the known pathogenic genetic variants are due to
single-nucleotide variants [105]. Therefore, base editors are highly
interesting for the correction of such diseases, but also for other appli-
cations. They can be used for genetic screens as well as to inactivate
genes by introducing premature stop codons or by affecting RNA
splicing [106-109]. Moreover, the possibility to install targeted nucle-
otide changes without the need for dsDNA cleavage poises base editing
for multiplexed genome modifications because the risk for chromosomal
translocations is likely lower than with multiplexed HDR. Indeed, mul-
tiplexed base editing of human T cells can be highly efficient with >90%
editing efficiency at 3 genes simultaneously using base editor mRNA
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electroporation [102]. Since this format is potentially scalable and
combined with the features of high efficiency multiplexing, it is very
likely that base editors will become important for T cell research and T
cell-based therapeutics.

In an effort to overcome the need for a dsDNA cut or introduction of a
HDRT as well as to enhance editing efficacy and precision, prime editing
was developed as another promising approach applying CRISPR/Cas9 in
human cells. Using a reverse transcriptase (RT) fused to Cas9 nickase
genetic information is directly copied from a prime editing gRNA
(pegRNA) into the target locus [110]. The pegRNA serves not only to
guide the prime editor to the locus of interest but also serves as the RT
template. The functionality of this tool was successfully verified in
HEK293T cells and human T cells. C to G conversions with up to 7.5 %
editing efficiency were introduced here [111]. While initial editing ef-
ficiencies were rather low, engineered pegRNAs increase prime editing
efficiencies [112]. Thus, prime editing holds great promise for safer
engineered T cell therapies in the future but needs future improvements
to achieve sufficient KI efficiencies.

CRISPR screens in human T cells

CRISPR screens allow to quickly dissect and validate sets of genes -
from a very focused selection up to unbiased whole genome screens. We
distinguish thereby between arrayed screens in 96 or 384 well plate-
format and pooled screens in only one vessel. Arrayed screens have a
low to medium throughput and are more labor-intensive but allow for
direct and in-depth phenotyping with multiple readouts and tran-
scriptome profiling. Arrayed Cas9 RNP screens have been applied to
interrogate HIV host factors in human CD4+ T cells or to identify novel
transcriptional regulators in Treg cell function [113,114]. Pooled
screening platforms can be pursued with a higher throughput and have
the advantage that fewer batch effects occur. However, pooled screens
need further validation steps of candidate genes identified in the initial
screen as also multiple edits in individual cells can occur. Moreover,
pooled screens are mostly limited to single parameter readouts based on
sortable marker proteins or cell proliferation (Fig. 1).

Ting et al. describe Guide Swap as a novel pooled enrichment and
depletion screening approach in primary human CD4+ T cells. Non-
targeting Cas9 RNPs are electroporated following lentiviral trans-
duction of a sgRNA library targeting over 2500 genes. Intracellularly,
the non-targeting sgRNAs are then “swapped” by the lentivirally trans-
duced targeting sgRNAs. After isolation of genomic DNA, the encoded
sgRNA abundance in the selected T cell population can be analyzed via
next-generation sequencing. Guide Swap was applied for genome-wide
functional screenings of coding sequences, splice sites and regulatory
regions. This approach and the gained insight could have implications in
regenerative medicine and applied immunology [115].

The same year Shifrut et al. established sgRNA lentiviral infection
followed by Cas9 protein electroporation (SLICE) as an alternative
pooled screening approach, which is based on lentiviral sgRNA trans-
duction with electroporation of Cas9 protein alone. Here, genome-wide
loss-of-function and gain-of-function screens were conducted in primary
human cells. The SLICE approach could be used to identify key negative
regulators of TCR signaling-dependent cell proliferation providing a
promising set of candidate genes to improve cellular functionality.
Importantly, ablation of several of those genes such as RASA2 and
SOCS1/TCEB2 led to a significantly increased tumor cell clearance in
vitro [116]. Both approaches, Guide Swap and SLICE, have the potential
to identify gene targets for the modulation of T cell functions for T cell
immunotherapies (Fig. 2D).

Pooled Cas9 RNP editing is an alternative strategy for medium
throughput screens in primary human T cells. To this end, a mixture of
different Cas9 RNPs is directly electroporated into the cells. In this case,
no lentiviral sgRNA construct can act as a barcode, however by sorting
cell populations of interest and isolating genomic DNA the actual gene-
ablating indels can be identified by multiplexed amplicon PCR followed
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by next-generation sequencing. This method allows the direct correla-
tion of a phenotypic change after KO with the actual frame-shift muta-
tion. This approach enabled the identification of HIVEP2, a transcription
factor regulating regulatory T cell identity [114].

To allow high-throughput characterization of CRISPR KO T cells
based on a set of flow cytometry markers but also on a global, unbiased
transcriptomic level, pooled KO CRISPR editing platforms and single cell
RNA-seq (scRNA-seq) have been combined. The identification of indi-
vidual sgRNAs within the polyadenylated mRNA pool of each individual
cell is achieved by either combining sgRNA expression with an RNA
Polymerase II (Pol II) transcribed barcode (Perturb-seq [117], CRISP-seq
[118]) or by capturing the sgRNA directly as a Pol II transcript and using
the protospacer sequence as a barcode (CROP-seq [116,119]).

All of the screening approaches described above are based on tar-
geted gene deletions. More recently pipelines for low- and medium-
throughput pooled KI screens using nonviral HDRT libraries were also
optimized for primary human T cells. A set of DNA-barcoded candidate
HDRTs encoding for synthetic co-inhibitory receptor chimeras were
integrated into the endogenous T cell receptor alpha (TRAC) locus of
primary human T cells using Cas9 RNPs and screened for increased T cell
fitness. Pooled KI screens identified the benefit of the synthetic chimeric
receptor TGFBR2/4-1BB to increase the cancer cell killing capacity of
tumor-infiltrating lymphocytes in vitro and in vivo [120]. This discovery
platform has the potential to identify synthetic receptors that can
overcome immunosuppressive tumor microenvironments in the future.

Recently, the development of arrayed and pooled CRISPR activation
(CRISPRa) and CRISPR interference (CRISPRi) screens has been estab-
lished in human T cells. The limiting requirement of continuous dCas9
expression was overcome by transducing human T cells with an opti-
mized minimal lentiviral plasmid encoding for the transcriptional acti-
vator dCas9-VP64 or transcriptional repressor dCas9-KRAB together
with a sgRNA lentivirus library. The authors thereby uncovered a
remodeling of the T cell activation response with an increase in pro-
inflammatory cytokines by synthetically overexpressing the transcrip-
tion factor FOXQ1 [14] (Fig. 2C).

In summary, medium to large-scale CRISPR-Cas9 screens provide
attractive pipelines to quickly and efficiently dissect gene networks in
human T cells. The results not only provide a better understanding of
human T cell biology but can also directly be relevant to select future
clinical candidate targets for diverse therapeutic approaches.

Clinical translation of CRISPR/Cas-modified human T cells

While CRISPR/Cas has already revolutionized academic and industry
research, its clinical application is still in its infancy. For therapeutic
purposes, additional aspects need to be considered and some parameters
may be weighted differently. Safety is of utmost importance and
therefore rigorous assessment of on-target and off-target editing is crit-
ical. Although multiple assays have been developed and are applied
during the development of gene edited cells for therapeutic purpose,
there are no established standards yet to quantify undesired editing.
Nevertheless, first-in-human safety studies with CRISPR/Cas engineered
hematopoietic stem cells and T cells were approved by regulatory au-
thorities and already show promising results [42,121]. Owing to the fear
of uncontrolled proliferation and toxicity of adoptively transferred T
cells, a number of strategies have been developed to induce suicide
genes and engage safety switches upon the administration of commer-
cially available drugs, as for example rituximab or rapamycin
[122-125]. In addition to safety, the reagents have to be produced under
good manufacturing practice (GMP) and the editing processes have to be
scaled to large numbers of cells.

From the plethora of different Cas endonucleases, SpCas9 is the most
advanced one for clinical application. Lentiviral expression of CRISPR/
Cas9 and the risk for insertional mutagenesis with DNA-based delivery
of CRISPR increases the risk of off-target effects [22,126]. In contrast,
CRISPR/Cas9 RNPs have multiple advantages, because they are
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immediately functional with a high efficiency and they have a limited
editing window due to their rapid degradation. Thus, the above
mentioned engineered HIFI Cas9 RNPs are particularly attractive for
future clinical application due to their efficacy, precision and short
editing activity. Nevertheless, off-target edits may induce unintended
mutagenesis and gene rearrangements with the potential to alter func-
tion or oncogenic transformation of the therapeutic cell. The risk for
chromosomal translocations is higher with multiplexed approaches
including DSBs than with newer approaches without DSBs, as base ed-
itors [98]. However, they are more recently developed and might bear
yet unidentified risks.

Importantly, ex vivo editing of human T cells allows for sufficient
evaluation of the cell’s functionality and for a reliable quality control
before adoptive transfer into patients. In the next few years safety data
for the various genome engineering approaches will inform future
developments.

Immunogenicity is another concern regarding the CRISPR/Cas
components. The most frequently used Cas9 molecules originate from
Streptococcus pyogenes and Staphylococcus aureus, which belong to the
most common bacterial commensals in humans. Therefore, within a
healthy population approximately three-quarters show a humoral and
the majority a cellular anti-Cas9 immune response [23-25]. However,
the clinical significance of the anti-Cas9 response in ex vivo manipulated
cells is possibly negligible because of the transient Cas9 expression
during the ex vivo culturing period. However, a preexisting immune
response may limit gene therapy efficacy following DNA-based delivery
methods as well as in in vivo studies with long-term expression of Cas9.
Therefore, the relevance of anti-Cas9 immunity needs to be evaluated in
future trials.

For clinical application, CRISPR/Cas9 is particularly being explored
to generate next-generation cell therapies in the treatment of malig-
nancies. The first-in-human phase I clinical trial (NCT NCT03399448) of
multiplexed CRISPR/Cas9 gene-edited T cells was performed only six
years after its discovery in three patients with either multiple myeloma
or advanced sarcoma. Autologous T cells were engineered to express a
cancer-specific transgenic TCR, along with multiplexed Cas9 RNP-
mediated inactivation of the TCR (targeting TCR a- and f-chain) to
prevent mispairing with the transgenic TCR, as well as KO of PD-1 to
circumvent T cell exhaustion. The authors detected a single mutation in
40% of the infused engineered T cells, and a double or triple mutation in
20% and 10%, respectively. The off-target hits varied among the three
loci, with the highest frequency being observed at the TRBC locus. In
addition, owing to the multiplexed editing, chromosomal translocation
was identified in all cell products. However, a proportional decrease of
affected cells was observed during expansion in the manufacturing
period, as well as in vivo, suggesting no survival advantage of the engi-
neered cells [42]. In the same year, a second pilot study (NCT02793856)
described the adoptive transfer of autologous CRISPR-induced PD-1 KO
T cells in twelve patients with late-stage lung cancer. In this study Cas9
and PD-1-targeting gRNA has been introduced via plasmid electropo-
ration which resulted in editing efficiencies of 8-30% [127]. The studies
demonstrate feasibility and safety of the gene-edited cell product with
proof of cell persistence. No major toxicities were stated, however both
reports observed minor off-target effects, whose relevance cannot be
conclusively assessed also considering the limited number of patients
with late-stage cancer disease.

Alongside the rapid development of CRISPR/Cas9 as a novel
biotechnology tool, a new era of cell-based therapies has initiated with
the success of human T cells expressing a synthetic CAR in haemato-
oncology [128]. To date, numerous preclinical investigations explore
CRISPR/Cas9’s potential to improve CAR-T cell function, longevity and
persistence in vivo. Using autologous T cells in cancer patients, however,
has a number of disadvantages, such as variability in successful
manufacturing, potential T cell dysfunction due to the underlying dis-
ease or previous lines of therapies, or limited and delayed availability
owing to the long manufacturing process. Therefore, major efforts in the
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field are focusing on generating allogeneic “off-the-shelf” CAR T cells
from healthy donors to overcome these disadvantages [129]. Allogeneic
T cells, however, potentially elicit an alloimmune response and
graft-versus-host disease (GvHD). Thus, CRISPR/Cas9-mediated editing
is increasingly used to circumvent these detrimental side effects, and to
explore novel strategies to enhance anti-tumor efficacy as well as to
prevent T cell exhaustion in the immunosuppressive environment of
solid tumors. To date, there are numerous ongoing phase 1/2 clinical
trials investigating allogeneic T cells with either single- or multiplexed
manipulation with CRISPR/Cas9 (ClinicalTrials.gov Identifier:
NCT04637763, NCT04244656, NCT04438083, NCT04557436,
NCT03398967, NCT03166878, NCT04035434). The targeted molecules
for gene inactivation include HLA class I and II to prevent alloimmune
response, the TCR complex to avoid GvHD and increase cell persistence
in vivo as well as silencing inhibitory receptors of T cell activation (e.g.
PD1) to increase anti-tumor efficacy (clinicaltrials.gov). Further ap-
proaches of CRISPR/Cas9 in clinical trials include the induction of drug
resistance to potential immunotherapies such as CD52-depleting agents
(NCT04557436), or deleting the CAR-specific antigen on the therapeutic
cells to prevent fratricide (e.g. in CD5" and CD7" hematological ma-
lignancies) (ISRCTN19144142) [130]. Moreover, tumor infiltrating
lymphocytes or virus-specific T cells in virus-induced malignancies are
manipulated ex vivo to knock-out inhibitory regulators of T cells
(NCT03044743, NCT04426669).

The field of gene- and cell-therapy is also extensively studying
therapeutic applications of HDR-mediated CRISPR/Cas9 editing, in
particular to repair disease-causing mutations. Although clinical appli-
cation is still awaiting, promising pre-clinical studies by Roth et al.
demonstrated feasibility of correcting a monogenic autoimmune muta-
tion in the CD25RA locus with the help of Cas9 RNPs and a dsDNA HDRT
to restore T cell function in vitro [44]. Furthermore, FOXP3 function was
reconstituted in T cells of immune dysregulation polyendocrinopathy
enteropathy X-linked (IPEX) patients with diverse FOXP3 mutations
using Cas9 RNPs and a rAAV6-FOXP3 HDRT [45]. A proof-of-principle
for FOXP3 repair was previously shown in a mouse model of a singu-
lar FOXP3 mutation [131]. A further promising application of
HDR-mediated KI in T cells, is the site-specific integration of larger
transgenes, as for instance a CAR or TCR into the TCR locus, allowing a
physiologic genetic regulation of the transgene with increased T cell
functionality and reduced T cell exhaustion [44,50-52,132].

Besides NHEJ and HDR-mediated CRISPR/Cas9 modifications, base
editing is also rapidly being developed for clinical application. Preclin-
ical studies in T cells investigate multiplexed gene modifications in
human allogeneic CAR-T cells with base editors. The absence of the DSB
reduces off-target effects and allows it to target multiple loci more safely
in comparison to the classic CRISPR/Cas9 system [102].

Outlook

Technical limitations in the field of CRISPR/Cas-based T cell engi-
neering are rapidly being overcome and novel cell engineering tools will
enable us to quickly dissect genes as well as gene regulatory elements in
T cell biology and function. In the future, improved CRISPR/Cas-based T
cell engineering tools will allow for higher efficiency and precision, for
the highly controlled insertion/conversion of individual bases as well as
large stretches of DNA with optimized safety profiles. Using gene
correction and reprogramming of the genomic code, T cells are
increasingly becoming programmable vehicles that execute complex
tasks and will open avenues to novel curative therapeutic strategies for
the treatment of cancer, autoimmunity and viral infections. Importantly,
tools to repair disease-causing mutations are now on-hand.

T cells as an easily accessible cell type are at the forefront of these
cell-engineering developments. Making such novel therapies accessible
to a wide range of patients requires efficient large-scale GMP-grade
manufacturing procedures and clear guidelines for safety criteria.
Finally, in the long run costs will need to be controlled in order to offer
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such therapies to many patients and also for regions with less sophisti-
cated medical infrastructures.
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