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Abstract: Adaptive T cell immunotherapy holds great promise for the successful treatment of leu-
kemia as well as other types of cancers. More recently, it was also shown to be an effective treatment
option for chronic virus infections in immunosuppressed patients. Autologous or allogeneic T cells
used for immunotherapy are usually genetically modified to express novel T cell or chimeric antigen
receptors. The production of such cells was significantly simplified with the CRISPR/Cas system
allowing deletion or insertion of novel genes at specific locations within the genome. In this review,
we describe recent methodological breakthroughs important for the conduction of these genetic
modifications, summarize crucial points to be considered when conducting such experiments, and
highlight the potential pitfalls of these approaches.
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1. Introduction

Immune protection relies on a functional adaptive immune system. Its important part
are T cells characterized by the expression of a unique clone-specific cell surface protein
complex, the T cell receptor (TCR). T cell-mediated immunity is induced by TCR recogni-
tion of peptide antigens derived from intracellularly processed proteins and presented in
the context of major histocompatibility complex molecules on the surface of antigen pre-
senting cells. Rare activated antigen-specific T cells initially differentiate and proliferate
in the lymph nodes before travelling to the site of inflammation to exert their effector
functions. There, cytotoxic CD8* T cells are crucial for the elimination of intracellular path-
ogens, while the production of highly specific antibodies from B cells and coordination of
innate immunity is impossible without CD4+* T cells.

Not surprisingly, individuals with a compromised T cell immunity, due to either pri-
mary immune defects or immunosuppression, are highly susceptible to a variety of mi-
croorganisms, which often induce severe disease. For example, human cytomegalovirus
(HCMV) infection in healthy individuals is usually asymptomatic. However, in immuno-
suppressed organ transplant patients, HCMV induces a severe disease, reducing trans-
plant survival and leading to increased mortality [1-3]. Besides immunosuppressive treat-
ments, certain viruses strongly impair the T cell functions, such as the human immunode-
ficiency virus (HIV) which leads to the depletion of CD4* T cells. Immunodeficiency can
also be a consequence of malignant tumors. Tumor cells, if they evade initial immune sur-
veillance, create a microenvironment that obstructs and hinders anti-tumor immune re-
sponses [4]. To suppress T cell immunity, tumor cells exploit a self-regulatory mechanism
for T cell over activation via the checkpoint receptors. Expression of checkpoint receptors
on T cells, including cytotoxic T-lymphocyte antigen-4 (CTLA-4) and programmed cell
death protein 1 (PD-1), is central to regulating inflammation and induction of peripheral
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tolerance [5,6]. Upregulation of checkpoint molecule ligands on tumor cells, thus, leads to
T cell exhaustion and anergy. Their blockade, recently became the basis for immune
checkpoint therapies [5-7].

Another promising approach for treating immunocompromised patients that lack
functional T cell responses has been the adoptive transfer of T cells. Transferred T cells
provide protective immunity against harmful complications caused by infectious diseases
or malignant tumors (reviewed in ref. [5,8]). For the treatment of viral infections, adop-
tively transferred HCMV-specific T cells to human transplant patients reduced viral loads
and controlled viremia [9-13]. In tumor patients, initial clinical studies indicated the ef-
fectiveness of autologous, interleukin (IL)-2-expanded tumor-infiltrating (and thus tu-
mor-antigen specific) lymphocytes for the treatment of solid cancers [14,15], or ex vivo ex-
panded virus-antigen specific T cells for treatment of Epstein-Barr virus-induced lympho-
mas [16] and leukemia [17]. Although those cells proved to be clinically effective at least
against certain tumor types [18,19], their widespread use was limited with the number of
cells available for adoptive transfer and challenges related to their expansion. These limi-
tations could finally be overcome by the generation of T cells expressing a chimeric anti-
gen receptor (CAR). CARs usually contain a tumor antigen-binding domain, primarily
derived from the variable regions of monoclonal antibodies directed against the specific
target that is integrated into signaling domains of the T cell receptor and co-stimulatory
molecules important for T cell activation (reviewed in [5,20]). CD19-targeting CAR T cells
are an FDA-approved treatment for different B-cell malignancies, including B-cell acute
lymphoblastic leukemia and non-Hodgkin’s lymphoma [21-24].

Of note, the first two CAR-T products approved by FDA were produced by lentiviral
(Kymriah) or gamma-retroviral (Yescarta) transduction [25], vectors that provide a simple
way to package (up to 4.5 kb) double-stranded-DNA templates [26]. However, the pro-
duction of viral vectors is often time-consuming and associated with significant costs
[27,28]. In addition, as the place of the integration into the genome cannot be controlled
[29], the use of viral vectors is accompanied by the risk of insertional oncogenesis. There-
fore, the patients receiving Kymriah or Yescarta CAR-T cells have to be monitored for
more than a decade for the occurrence of undesired events [28,30].

For precise manipulation of specific genomic sites several genome editing methods
have been developed, including Zinc-finger nucleases (ZFNs), transcription activator-like
nucleases (TALENSs), and the CRISPR/Cas system (CRISPR: clustered regularly inter-
spaced short palindromic repeats; Cas: CRISPR-associated) (reviewed in [31]). ZFNs are
recombinant proteins composed of a bacterial restriction enzyme (Fok1) that serves as a
nuclease and a DNA-binding zinc finger domain [32,33]. The zinc-finger domains were
first identified in the DNA-binding domain of sequence-specific eukaryotic transcription
factors [34] and later shown to be modifiable to specifically recognize different DNA se-
quences. In ZNFs, zinc finger domains guide Fok1 to induce double-strand breaks (DSB)
at specific sites into the genome, thus inducing genome editing by provoking cellular re-
pair mechanisms. The advantage of ZFNs for genetic engineering is the use of relatively
small molecules that can be easily packed into viral vectors. However, the need of design-
ing and constructing a specific nuclease pair for each new gene target represents a signif-
icant hurdle for the widespread use of ZNFs. The development, application, and design
of ZFNs were reviewed in detail earlier [35,36].

Similar to ZFN, TALENSs contain the bacterial cleavage domain Fok1 to induce DSBs.
However, in the case of TALENS, the DNA-recognition domain is obtained from a tran-
scription factor produced by plant pathogenic bacteria [37-39]. In contrast to ZFNs,
TALENS are large size molecules, which complicates their delivery to target cells. How-
ever, TALENS are easily designed and were shown to work more precisely, compared to
ZFNs [40]. Unfortunately, genome editing via TALENS, as well as via ZFNss, is associated
with significant off-target effects [41].

While both ZNFs [42] and TALENSs [43] have successfully been used for editing of T
cell specificity, the CRISPR/Cas system got into the focus of modern gene-editing research
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during the last decade. Due to its simplicity, the CRISPR/Cas system established itself as
a standard method for genetic modification of almost any cell type, including T cells. This
bears enormous potential, both for research as well as for clinical applications. In the sub-
sequent chapters, we tried to provide a systematic overview of current practices used for
targeted genome modification of T cells using the CRISPR/Cas system (Figure 1). For a
more detailed comparison of gene editing via ZFNs, TALENSs, and the CRISPR/Cas sys-
tem, we point the reader to previous reviews [31,44].
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Figure 1. Graphical overview of steps included in the CRISPR/Cas9 gene editing in primary T cells,
including (1) T cell isolation and activation; (2) in vitro assembly of CRISPR/Cas cargo; (3) its delivery
to the T cells; (4) induction of double-strand breaks that can be (5) repaired mainly by NHE] or HDR;
(6) expansion and selection of modified cells and (7) confirmation of introduced changes by DNA
sequencing and/or protein expression. Abbreviations: Cas9 — CRISPR associated protein 9; crRNA
— CRISPR RNA; HDR - homology directed repair; NHE] — non-homologous end joining; tracrRNA
- trans-activating CRISPR RNA. Figure created with BioRender.

2. CRISPR/Cas system origin, structure and molecular mechanisms of genome editing

The CRISPR/Cas system originates from a defense mechanism originally found in
bacteria and archaea to counteract infections with viruses known as bacteriophages [45-
48]. The system consists of the Cas protein that has endonuclease activity and the guide
RNA (gRNA) that guides the Cas protein to the correct cleavage site in the genome [49].
The gRNA is formed by two distinct RNA molecules, the trans-activating CRISPR RNA
(tracrRNA) and the CRISPR RNA (crRNA) [50]. In bacteria and archaea, crRNAs are parts
the genomic information of viruses that infect these microorganisms. During bacterio-
phage infection, the microorganisms have to cut and incorporate the crRNAs into their
own genome. The crRNA is expressed, bound to tracrRNA, and loaded onto the Cas pro-
tein to guide this nuclease to the complementary sequences in the genome of the attacking
virus during re-infection. After the crRNA binds to a complementary sequence, the Cas
protein needs to recognize a protospacer adjacent motif (PAM) in the target sequence to
specifically cut and destroy the viral genome, allowing protection of the bacteria [46]. Im-
portantly, by providing the chemically synthesized gRNAs the Cas protein can be pro-
grammed to target a specific site in the genome [50]. Therefore, targeted transfer of the
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CRISPR components allows induction of precise DSB and eventually gene editing in eu-
karyotic cells [49,51]. Of all Cas proteins discovered so far [52], the most frequently used
for gene modifications in eukaryotic cells is the Cas9, originally found in Streptococcus py-
ogenes [53]. Cas9 was selected due to several properties. In contrast to class 1 CRISPR sys-
tems in which the effector molecules are assembled as multi-subunit effector protein com-
plexes, the Cas9, belonging to class 2 CRISPR systems, is a single large effector protein.
Even more important is the simplicity and frequent genomic occurrence (on average once
in each 8 bp) of its PAM sequence (5-NGG-3’), which offers wide genome editing possi-
bilities [54]. Furthermore, the CRISPR/Cas9 system is not affected by the methylation sta-
tus of the DNA [55]. Cas9 is now a workhorse for genome modification and is directed to
specific locations in the genome by modulation and artificial synthesis of crRNAs [50],
allowing targeted modification of single nucleotides or entire genomic regions. This re-
view will therefore focus on results generated with this nuclease.

Targeted by a crRNA to a specific location within the genome, Cas9 cuts the DNA 3
nucleotides (nt) upstream of the PAM sequence. Resulting Cas9-induced DSB initiates eu-
karyotic cell repair mechanisms that prevent cell death due to the loss of genetic material
(reviewed in detail in ref. [56]). Two main repair mechanisms exist in eukaryotic cells
known as non-homologous end joining (NHE]) and homology-directed repair (HDR).
DSB-repair by Ku protein-dependent classical NHE] can be divided into different phases
starting with recognition of the DSB and assembly of the NHE] complex, followed by
bridging, and stabilization of the DNA ends. After this, the DNA-ends are processed and
ligated before the NHE] complex dissolves [57,58]. However, since NHE] does not use a
template for DNA repair, insertions, and/or deletions (indels) of genomic material can
occur. Depending on the cell type and its status, 20-50% of repaired DNA molecules will
contain indels [59-62].

If the Ku protein is not expressed, the resection machinery exposes extensive single-
strand DNA (ss-DNA) on both sides of DSBs, allowing the cells to use microhomology-
mediated end joining (MME]) or HDR for DNA repair. MME] is an alternative NHE]
mechanism that is initiated if the DNA on both sites of the DSB contains microhomologous
sequences. Annealing of those sequences leads to the removal of heterologous overhangs,
fill-in synthesis, and ligation (reviewed in [63]). In contrast to MME], HDR uses a homol-
ogous DNA template to repair a DSB. One of the first events during HDR is activation and
recruitment of phosphorylases, such as ataxia telangiectasia mutated protein (ATM) and
Rad3-related kinase (ATR) to the site of damage [64]. These enzymes phosphorylate sev-
eral proteins, including the DNA-stabilizing histone H2AX on serine 139 [65-67], which
seems to play an important role in the recruitment of additional repair and signaling mol-
ecules to the DSB [68]. As reviewed in Marini et al., the DNA ends at the DSB is then
processed through different nucleases and helicases to create a 3’ single strand (ss) DNA
that is bound by the replication protein A (RPA) for stabilization [69]. RPA is next replaced
by DNA repair protein RAD51 homolog 1 (RAD51) that mediates invasion of ss-DNA
filament on the homologous DNA template, usually the complementary strand of the sis-
ter chromatid DNA duplex, which is then is used to synthesize the missing genomic parts
[70,71]. This mechanism of HDR is now exploited for repairing CRISPR/Cas-induced
DSBs. Targeted delivery of synthetic DNA provides an artificial HDR template that can
be used to specifically insert genetic information by the cells” own repair mechanisms. As
explained in detail in chapter 5, the resulting gene editing changes can encompass single-
nucleotide substitutions as well as insertions of whole genes.

NHE] ligates the blunt-end DNA fragments fast and independent of the cell cycle
and is, therefore, the favored way for DSB-repair in mammalian cells [72,73]. In contrast,
MME] and HDR are much slower and restricted to the S and G2 phases of the cell cycle
[74-78]. Therefore, genome editing in the presence of a DNA template usually leads to a
combination of HDR edits and indels resulting from an NHE]. The choice between NHE]
and HDR is influenced by different factors at various stages of the repair pathways, as
reviewed by Yang and colleagues [76]. For example, cyclin-dependent kinases (CDK) play
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a major role in choosing a defined repair pathway. CDK-mediated phosphorylation of
different substrates, such as the carboxy-terminal binding protein-interacting protein
(CtIP), in the S phase of the cell cycle promotes HDR. In contrast, reduced CDK-activity
in the G1 phase promotes NHE] [77,78]. In addition, repair pathway choice is influenced
by DNA-end resection. For HDR initiation, the Ku-protein molecule complex needs to
dissociate, which is achieved by different ubiquitination events, making it a crucial factor
for repair pathway choice [79]. Besides Ku proteins, other molecules involved in DNA-
end resection that can lead to the selection of a certain repair route are 53BP1 and BRCA1
(reviewed in [80]). Whereas 53BP1 prevents resection of DNA ends and thereby HDR, a
BRCAI1-dependent process removes 53BP1, leading to the promotion of the HDR-path-
way. Therefore, the NHE] and HDR compete, with molecules of one pathway actively
suppressing the other.

3. Practical aspects of CRISPR/Cas9 gene editing on T cells

For successful application of CRISPR/Cas-mediated genome editing either using
NHE] or HDR pathway several practical aspects appear to be critical.

3.1. Culturing of T cells for genome editing

Unless stimulated, isolated T cells survive in vitro only for a few days. While human
T cells can survive this period without any cytokines added to the medium, mouse T cells
require IL-7, which upregulates the expression of the anti-apoptotic protein Bcl-2 and
maintains their viability [81]. During this time unstimulated T cells can be targeted with
CRISPR/Cas to some extend to induce gene-knockouts [82-84].

Unstimulated T cells are in a resting state and many genes are not actively tran-
scribed. It has been shown that Cas9 binding is affected by DNA packaging. Actively tran-
scribed genes can be more efficiently edited than non-actively transcribed genes where
the DNA is packaged in heterochromatin (reviewed in [85]). Similarly, gRNAs targeting
divergent regions within the same gene may also result in different efficiencies due to
local variation in chromatin structure [86]. It is not surprising, therefore, that activation of
T cells before gene manipulation can significantly increase the efficiency of CRISPR/Cas9
gene editing with the same set of gRNAs (Figure 2).

Gene editing via CRISPR/Cas-mediated HDR is considered not to be feasible in rest-
ing cells, which are in the G1 and not the S/G2 phase of the cell cycle [77,78]. However, it
was recently reported that naive T cells can be transfected with HDR templates and
gRNA/Cas9 ribonucleotide particles (RNPs) and that following adoptive transfer into re-
cipient mice CRISPR/Cas9-based HDR could be achieved [83]. However, the recipient
mice were immunized immediately upon cell transfer, leading to T cell activation and
proliferation, so it is still questionable whether HDR integration actually occurred in the
naive or in the activated T cells. It is, therefore, still generally accepted that induction of T
cell proliferation is necessary for HDR-mediated gene editing [25,87].

Most gene editing experiments were done on in vitro activated T cells and a large
number of divergent experimental protocols used to activate T cells in vitro have been
reported in the literature. The most frequently used protocols involve non-specific T cell
activation using anti-CD3 (and anti-CD28) antibodies coated on the surface of culture ves-
sels or provided pre-bound to beads [88]. Performed under optimal conditions, these pro-
tocols strongly activate T cells and induce their proliferation, albeit proliferation induced
with the beads seems to be slightly stronger [89,90]. Results from different studies can
hardly be compared, as they are often conducted in different media supplemented with
divergent cytokine cocktails, including IL-2, -7, and/or -15 [88,91]. Of note, the efficiency
of NHE]J-mediated gene editing has been successfully done in T cells activated in anti-
body-coated culture vessels [82,92] or beads [93]. In contrast, the efficiency of HDR-medi-
ated gene editing seems to be superior in T cells activated with protocols applying beads
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[94], although a recent pre-print indicated the opposite [95]. As a starting point, we refer
the reader to few most recent protocols [96-98].
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Figure 2. Efficacy of CRISPR/Cas9-induced modifications in T cells is affected by gene expression
level. A. CD4+ T cells, MACS-sorted from mice spleen and lymph nodes, were either immediately
nucleofected, before activation (protocol NAA) or were first activated and then nucleofected (pro-
tocol ANA). T cell activation on anti-CD3/-CD28 coated wells, nucleofection with one two anti-Cxcr3
crRNAs (A: 5-TGACTCCCCGCCCTGCCCAC-3’; B: 5'-GCTGTTCTGCTGGTCTCCAG-3') or with
a negative control crRNA (Neg Ctrl: 5-CGTTAATCGCGTATAATACG-3') coupled with tracrRNA
and Cas9 (all components from Integrated DNA Technologies Inc.) into CRISPR/Cas9 ribonucleo-
proteins (RNPs), and expansion in medium supplemented with 100 U/ml of interleukin-2 was done
according to our previously published protocol [99]. (B) Representative histogram plots showing
CXCR3 expression on CD3*CD4* T cells immediately after isolation (day 0), after anti-CD3/-CD28
activation (day 2), or after additional 3 days of expansion (day 5). (C) Representative histogram plots
showing CXCR3 expression on CD3*CD4* T cells nucleofected with indicated Cas9 RNPs. (D) Gene
editing efficacy expressed as a relative decrease of CD3*CD4*CXCR3+ cells after nucleofection anti-
Cxcr3 ctRNAs compared to negative control group. Data are from two independent experiments
(dots) and group means are shown as lines.

3.2. gRNA selection

Another point that needs to be taken into account when performing CRISPR/Cas ex-
periments is the efficacy and specificity of the respective gRNA. To evaluate on-target
efficacy, numerous computational tools for gRNA scoring have been developed and had
been recently reviewed [100,101]. Due to the differences in datasets and models used for
the tool creation, it is suggested that the gRNAs should be selected using several divergent
tools and then further evaluated in preliminary experiments [100].

Beside efficacy, the off-target activity of the CRISPR/Cas9 system is still a great con-
cern, especially regarding its clinical applications. Therefore, detection of off-target effects
is essential for the estimation of the precision of gene-editing as well as for improvement.
Off-target effects can be detected via different methods, including the T7 endonuclease I
assay (can detect off-target mutation frequencies <1%) [102], deep sequencing [103], and
genome-wide unbiased identification of DSBs enabled by sequencing (GUIDE-seq; detects
mutation frequencies of 0.12%) [104]. For further reading about the mentioned methods
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to detect off-target effects and strategies to reduce off-target effects, we point the reader
to previously published reviews [105,106].

3.3. CRISPR/Cas cargo

Besides selecting an in vitro protocol for T cell activation, it is also important to con-
sider in which form the CRISPR/Cas9 components get delivered into the target cells. In
the case of gene-knockout experiments, gRNA and Cas9 can be delivered as plasmids, as
mRNA encoding for Cas9 with separate delivery of gRNAs, or in the form of ribonucleo-
proteins (RNPs). Initially, Cas9, as well as the gRNA, were incorporated into plasmids for
cell delivery. However, delivery of high amounts of plasmid DNA can also have toxic
effects [107], mostly due to the recognition of pathogen-associated molecular patterns
within the plasmid DNA [108,109]. Furthermore, plasmid delivery poses the problem of
random DNA integration into the cellular genome [110]. Alternatively, Cas9 can be deliv-
ered in form of an mRNA [111,112]. Furthermore, to prevent cytotoxicity, the mRNA can
be synthetically modified by the addition of a 5’-methylated cap and a 3’-poly-A tail, mak-
ing the mRNA more similar to endogenous mRNA [113]. This approach was also success-
fully used in human T cells [92], albeit it usually involves gRNA delivery in a separate
transfection step [111,112].

Several current reports used preformed RNPs that allow a faster onset of action and
reduced off-target DNA cleavage without risk of integration into the genome
[82,94,110,114,115]. For RNP construction, the specific crRNA and the tracrRNA are either
in vitro annealed to form the gRNA or already synthesized as a single gRNA molecule,
which is then loaded onto the Cas9 protein to form the RNP complex.

Besides Cas9 and gRNA, also a HDR template has to be provided to the cells to in-
corporate genetic material using the CRISPR/Cas system. HDR templates can be provided
as a single-stranded DNA (ss-DNA), long linear or circular (plasmid) double-stranded
DNA (ds-DNA), or AAV-incorporated DNA molecule [116]. All three template types have
been used successfully to make changes into the T cell genome, as will be discussed in
detail in subsequent chapters.

3.4. Strategies for delivery of CRISPR/Cas cargo to T cells

Existing delivery approaches can broadly be divided into viral and non-viral strate-
gies. Viral strategies use transduction of cells with viral vectors to deliver DNA, encoding
the sequence of the Cas protein as well as of the gRNA. The most frequently used vectors
are derived from ADVs, AAVs, or lentiviruses. While lentiviral vectors for CRISPR/Cas
components carry the oncogenic potential, the use of adenovirus (ADV) and adeno-asso-
ciated virus (AAV) vectors is accompanied by concerns regarding specific ADV immunity
in humans, which could compromise the engraftment of those cells in clinical settings (re-
viewed in [117]). Therefore, direct delivery of non-virally packed ds-DNA is preferred for
clinical applications [117], increasing interest in developing suitable non-viral delivery
strategies. For further insight on these different strategies of viral delivery, we refer the
reader to a recent review by Xu et al. [26].

The literature reports an increasing arsenal of non-viral delivery strategies that suc-
cessfully supply components of the CRISPR/Cas system into the cells (reviewed in
[25,118,119]). Several techniques suitable for transfection of other cell types did not prove
to be applicable for T cells. For example, microinjection that uses microscopic needles for
injection of molecules into the nucleus of individual cells is extremely efficient but techni-
cally challenging and laborious, and thus restricted to the generation of transgenic ani-
mals [120,121]. Further, T cells are resistant to lipofection, a method based on the delivery
of liposome- or lipid nanoparticle-encapsulated contents to the target cells [122]. Gold na-
noparticle-mediated techniques, based on the cellular uptake of biological material en-
wrapped around a gold core, successfully delivered CRISPR/Cas9 components to T cells,
albeit with low efficacy [123].
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In contrast, electroporation and nucleofection allow efficient delivery of different
types of nucleic acids to T cells. Both techniques use electrical current to induce pores in
the cell membrane that allow cargo entry into the cells by diffusion and/or movement
along the electrical field [124]. In contrast to electroporation, nucleofection uses a combi-
nation of cell type-specific electrical pulses and reagents to deliver molecules directly into
the nucleus [125]. An initial study showed efficient delivery of Cas9 mRNA and gRNA to
primary T cells via electroporation [126]. However, in 2018 Akiko Seki and Sascha Rutz
published a seminal paper in which they described an optimized protocol for
CRISPR/Cas9 RNP delivery by nucleofection to primary T cells [82]. Since then, this tech-
nique became most frequently used to deliver the CRISPR/Cas cargo to T cells due to its
simplicity and effectiveness [94,114,127-129]. For this, Cas9 RNPs are prepared with either
a single gRNA or a combination of multiple gRNAs targeting the same gene. Although
RNP with a single gRNA can efficiently disrupt the target gene [110,114], more recent
studies showed that using multiple gRNA directed against the same target strongly in-
creases the knockout efficiency resulting in almost complete loss of the molecule expres-
sion [82,99]. These findings are also consistent with our observations [99,130]. Recently, it
has been suggested that the efficacy of this method can further be improved by encapsu-
lating Cas9 RNPs into poly-L-glutamic acid (PGA) nanoparticles [115].

Nucleofection (and electroporation) leads to a considerable loss of cell viability and
also affects T cell activation [131,132]. Therefore, there is still room for developing alter-
native delivery methods able to match the high efficiency of nucleofection but without its
detrimental side-effects. One alternative could be cell squeezing, which relies on a tempo-
rary mechanical membrane disruption to deliver molecules to the cells by diffusion [133].
Another delivery strategy induces transduction by osmocytosis and propanebetaine
(iTOP), which is based on a cellular uptake mechanism called macropinocytosis [134]. This
method was recently shown to efficiently deliver RNPs to human cells, including primary
T cells [135].

4. Gene modifications in T cells by NHE]J-mediated repair of CRISPR/Cas9-induced
DSBs

In the absence of an HDR template, the cell relies almost exclusively on NHE] to re-
pair DSBs introduced by CRISPR/Cas9. As mentioned before, this can lead to indels in the
coding region of a gene, resulting in frameshift mutations and disruption of protein func-
tion. This made the CRISPR/Cas9 system to be widely used in modern gene-editing re-
search. It facilitates the creation of knockout cell lines or animals for investigation of dis-
ease mechanisms, as well as providing the basis for the development of therapeutic strat-
egies.

Regarding T cells, CRISPR/Cas induced knockouts have manifold applications in
basic research, enabling elegant ways to study the role of individual molecules or com-
plete signaling pathways. For example, we analyzed the mechanism of T cell homing to
the lymph nodes after intra lymphatic injection, which allows to study the entry of T cells
into lymph nodes that arrive via afferent lymph [99]. Using a lentiviral CRISPR/Cas ap-
proach, we simultaneously knocked out four integrin genes (Itgb1, Itgb2, Itgb7, and Itgav).
Since integrins form dimers on the cell surface, the simultaneous knockout of these four
integrin genes prevents the expression of any integrin on immune cells. Using complete
integrin-knockout CD4+ T cells or CD4* T cells that lack the integrin-associated adaptor
molecule Talin 1 we could establish that integrins contribute to T cells entry into the lymph
node parenchyma and translocation to the T cell zone of the lymph node [99].

The CRISPR/Cas9 system can also be used as a large-scale loss-of-function screening
method (reviewed in [136]). For this, several libraries of gRNAs designed to target every
gene in the mouse or human genome are commercially available. These gRNAs are then
virally transduced into the cells so that each cell receives only a single virus, carrying one
gRNA. After selection and expansion, the transduced cells are then used in a positive or
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negative screen allowing the identification of a phenotype of interest. Next-generation se-
quencing of input and output cell populations is used to identify the gRNAs that targeted
genes causing the desired phenotype. Several such CRISPR screens have been done on T
cells, including one used to analyze genes involved in T cell activation [137]. Transduction
of Cas9-expressing Jurkat cells with a lentiviral sgRNA library confirmed known regula-
tors of T cell activation (such as CD3, Lck, and Zap70), as well as unraveled FAM49B as
another regulator of T cell activity [137]. CRISPR screens were also used to identify gene
regulatory programs that promote or disrupt Foxp3 expression in regulatory T cells [138].
More recently, a CRISPR screen on CD8* T cells indicated that their effector functions are
negatively regulated by transcription factor Fli [139]. These examples show that CRISPR
screens hold enormous potential for the discovery of genes contributing to various aspects
of T cell function.

In addition to its impact on basic research, the NHE]J-mediated gene knockout by
CRISPR/Cas system also opens up new possibilities for clinical applications, including
cancer therapy. Since certain tumor cells express ligands for exactly these immune check-
point molecules [140], the effective anti-tumor response by CAR T cells is inhibited
[141,142]. The CRISPR/Cas system can be used to knock out immune checkpoint mole-
cules to overcome checkpoint molecule mediated inhibition of tumor-infiltrating lympho-
cytes and CAR T cells. This approach showed promising results in different preclinical
studies in which CRISPR/Cas9-generated PD-1 knockout T cells showed enhanced anti-
tumor activity [143-145]. The safety of transferring genetically modified T cells to patients
was recently tested in clinical trials on metastatic non-small lung cancer patients (clinical
trial information: NCT02793856) [146]. In addition, a pilot study in three patients with
advanced, refractory cancer was performed [147]. In that study, adoptive transfer of TCR
and PD-1 knockout CAR T cells targeting the NY-ESO-1 tumor antigen resulted in the
homing of these cells to the tumor site and tumor size reduction. Furthermore, monitoring
revealed that the cells were persisting for at least 9 months without inducing clinical tox-
icity [147]. If the results of other currently ongoing clinical trials (Table 1) confirm these
promising preliminary results, CRISPR/Cas9 modified PD-1 KO T cells could become an
intriguing treatment option for antiviral therapy using virus-specific T cells. Initial studies
in mice, for example, showed that lack of PD-1 expression on effector T cells resulted in
faster control of adenovirus infection [148].

Table 1. Overview of currently ongoing clinical studies with CRISPR-engineered T cells.

ClinicalTrials.gov
Identifier

Target of genome study

Official study-title Indication of treatment e
editing phase

A Safety Study of Autologous T Cells Engi-
neered to Target CD19 and CRISPR Gene relapsed or refractory
NCT04037566 Edited to Eliminate Endogenous HPK1 CD19+ leukemia or lym- XYF19 CAR Phase 1
(XYF19 CAR-T Cells) for Relapsed or Refrac- phoma
tory Haematopoietic Malignancies

Phase I Study to Evaluate Treatment of
CRISPR-Cas9 Mediated PD-1 and TCR
NCT03545815 Gene-knocked Out Chimeric Antigen Re- solid tumors KO of PD-1 & TCR  Phase 1
ceptor (CAR) T Cells in Patients With Meso-
thelin Positive Multiple Solid Tumors
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NCT04502446

NCT04637763

NCT03398967

NCT04438083

NCT04244656

NCT04035434

NCT04557436

NCT03166878

A Phase 1, Open-Label, Multicenter, Dose
Escalation and Cohort Expansion Study of
the Safety and Efficacy of Anti-CD70 Alloge-
neic CRISPR-Cas9-Engineered T Cells
(CTX130) in Subjects With Relapsed or Re-
fractory T or B Cell Malignancies

A Phase 1, Multicenter, Open-Label Study of
CB-010, a CRISPR-Edited Allogeneic Anti-
CD19 CAR-T Cell Therapy in Patients With
Relapsed/Refractory B Cell Non-Hodgkin
Lymphoma (ANTLER)

Phase I/Il Study to Evaluate Treatment of
Relapsed or Refractory Leukemia and Lym-
phoma With Universal CRISPR-Cas9 Gene-
Editing CAR-T Cells Targeting CD19 and
CD20 or CD22

A Phase 1 Dose Escalation and Cohort Ex-
pansion Study of the Safety and Efficacy of
Allogeneic CRISPR-Cas9-Engineered T Cells
(CTX130) in Subjects With Advanced, Re-
lapsed or Refractory Renal Cell Carcinoma
With Clear Cell Differentiation

A Phase 1 Dose Escalation and Cohort Ex-
pansion Study of the Safety and Efficacy of
Anti-BCMA Allogeneic CRISPR-Cas9-Engi-
neered T Cells (CTX120) in Subjects With Re-
lapsed or Refractory

A Phase 1 Dose Escalation and Cohort Ex-
pansion Study of the Safety and Efficacy of
Allogeneic CRISPR-Cas9-Engineered T Cells
(CTX110) in Subjects With Relapsed or Re-
fractory B-Cell Malignancies (CARBON)

Phase 1, Open Label Study of CRISPR-CAR
Genome Edited T Cells (PBLTT52CAR19) in
Relapsed /Refractory B Cell Acute Lympho-
blastic Leukaemia

Phase I/Il Study to Determine the Safety,
Tolerability, Biological Activity and Efficacy
of Universal CRISPR-Cas9 Gene-Editing
CAR-T Cells Targeting CD19(UCART019) in
Patients With Relapsed or Refractory CD19+
Leukemia and Lymphoma

relapsed or refractory T or
B cell malignancies

relapsed or refractory B
cell non-Hodgkin lym-
phoma

B Cell leukemia; B Cell
lymphoma

refractory renal cell carci-
noma

multiple myeloma

B cell malignancy; non-
Hodgkin lymphoma; B
cell lymphoma; adult B
cell acute lymphoblastic
leukemia

B acute
leukemia

lymphoblastic

B Cell leukemia; B Cell
lymphoma

CTX130 CAR

CB-010 CAR

CAR (CD19 &
CD20 or CD22)

CTX13 CAR

CTX120 CAR

CTX110 CAR

PBLTT52CAR19

UCARTO019 CAR

Phase 1

Phase 1

Phase 1
& Phase
2

Phase 1

Phase 1

Phase 1

Phase 1

Phase 1
& Phase
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Safety and Effect Assessment of TACE in
Combination With Autologous PD-1 Knock- d d hepatocellul
NCT04417764 out Engineered T Cells by Percutaneous In- - ' o coc MEPAOCEIIAT ppy g ko Phase 1
Lot . . carcinoma
fusion in the Patients With Advanced Hepa-
tocellular Carcinoma.
Phase 1/2a, Single Dose Study Investigating Phase 1
NCT05066165 NTLA-5001 in Subjects With Acute Myeloid acute myeloid leukemia =~ NTLA-5001 CAR & Phase
Leukemia 2
A Phase U/II Trial of PD-1 Knockout EBV- Cﬁrcm?maé th'Cf{H dlylf" PDA1 KO in gy Phase 1
NCT03044743 CTLs for Advanced Stage EBV Associated 1 orioy aduh odgin i & Phase
. . lymphoma; diffuse large specific T cells
Malignancies 2

B Cell lymphoma

Knocking out genes via the CRISPR/Cas system can also be applied to render trans-
ferred T cells insensitive to immunosuppressive therapy. Immunosuppressive treatment
after organ transplantation is essential for the prevention of graft rejection or destruction
of the transplanted organ by the recipient’s T cells. One of the immunosuppressive drugs,
tacrolimus, targets the T cells adaptor protein FK506-binding protein 12 (FKBP12) and
prevents cytokine release and T cell activation. However, immunosuppressive treatment
does not only specifically target the cells that are responsible for transplant rejection but
leads to general immunosuppression. Hence, immunosuppressed patients are susceptible
to a variety of pathogens, including HCMV. To overcome the problem that virus-specific
T cells also become inhibited by tacrolimus upon adoptive transfer, Amini et al. created
tacrolimus-resistant HCMV-specific T cells by knocking out FKBP12 with the CRISPR/Cas
system [149]. Importantly, the FKBP12-- HCMV-specific T cells showed effector functions
comparable to unmodified virus-specific T cells upon in vitro HCMV-peptide re-stimula-
tion [149]. Therefore, the production and transfer of tacrolimus-resistant CMV-specific T
cells could be a promising approach for HCMV therapy in immunosuppressed transplant
patients. Likewise, Jung ef al. used CRISPR/Cas9 to knock out diacylglycerol kinase (DGK)
to increase T cell receptor-mediated signaling in CAR T cells [150]. DGK/- CAR T cells
were less sensitive to transforming growth factor beta (TGF{3) and other immunosuppres-
sive factors, had enhanced effector functions, and were able to clear tumors in a xenograft
mouse model [150]. In another study, the gene for adenosine A2A receptor on CAR T cells
was targeted to improve antitumor efficiency [151]. The highly increased concentration of
extracellular adenosine in tumors impairs the antitumor activity of T cells upon binding
to the adenosine A2A receptor. Knocking out the receptor gene in activated human T cells
resulted in enhanced anti-tumor function of CAR T cells leading to reduced tumor growth
and prolonged survival of tumor-bearing mice [151].

The use of autologous T cells is often restricted by issues related to manufacturing
time, scalability, and expenses caused by cell expansion. Therefore, the use of allogeneic
T cells from healthy donors for adoptive T cell therapy would offer several benefits. How-
ever, adoptive transfer of allogeneic cells causes graft-versus-host-disease (GvHD) due to
the recognition of host antigens by transferred T cells. Recently, Kamali ef al. successfully
used the CRISPR/Cas system to knock out the endogenous T cell receptor alpha chain
constant (TRAC) gene on T cells, which abrogated the expression of the endogenous T cell
receptor (TCR) on the cell surface [152]. In addition, the authors also disrupted the CD52
gene, to render the transferred cells insensitive to anti-CD52-antibody depletion, a proce-
dure frequently used to deplete hematopoietic leukemic cells. However, FACS analysis
revealed that only 7-8% of cells completely lost the TCR and the CD52 molecule [152].
Still, these studies indicate the enormous potential of CRISPR/Cas9 for the creation of T
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cells carrying divergent gene modifications. Their potential has outgrown pure research
applications and several clinical studies are starting (Table 1). Of note, these protocols
require rigorous testing of the modified cells to assure that they do not carry any unde-
sired off-target mutations.

It is important to note that NHE]J-mediated repair of CRISPR/Cas9 induced DSBs is
not stochastic but rather a predictable process [153,154]. Therefore, even NHE]-mediated
repair can be successfully used for template-free correction of pathogenic frameshift or
micro-duplication mutations [153]. In T cells, Roth et al. corrected single mutations in pa-
tients with IL-2 receptor (IL-2R) coding gene immunodeficiency by NHE]J-mediated repair
alone, possibly due to the introduction of small indels that restored an appropriate read-
ing frame [94]. Similarly, we noticed that a single nucleotide deletion in the beta-2-micro-
globulin (B2m) gene can be repaired by HDR template-dependent and -independent
mechanisms as revealed by re-expression of major histocompatibility complex class I
(MHC-I) on the cell surface (Figure 3A). Results of the DNA sequencing showed that the
protein expression was restored mainly due to frameshift mutations while a provided
template has been integrated only into the minority of cells (Figure 3B).

5. Gene knock-in strategies in T cells using HDR-mediated repair of CRISPR/Cas9-
induced DSBs

For precise gene editing, the HDR pathway can be exploited by providing an HDR
template together with the gRNA and Cas9, offering an enormous potential in the field of
gene therapy (reviewed in ref [44,155]). For example, malignant or disease-causing muta-
tions could be excised from the genome and replaced with non-mutated DNA sequences
by providing appropriately targeted gRNA, and Cas9 together with a suitable HDR tem-
plate. Initial studies showed the CRISPR/Cas system can successfully be used to correct
genetic mutations from patient-derived induced pluripotent stem cells (iPSCs). For exam-
ple, Firth et al. used the CRISPR/Cas system for restoring the function of the cystic fibrosis
transmembrane regulator (CFTR) in iPSC from a cystic fibrosis patient [156]. Importantly,
genetically edited cells were still able to differentiate into mature airway epithelial cells
that had normal CFTR function [156]. In another study, CRISPR/Cas9 mediated HDR was
used to correct the 3-41/42 (TCTT) deletion mutation in 3-Thalassemia patient-derived
iPSCs that could be differentiated into erythroblasts with normal HBB (p-globin) gene ex-
pression [157]. Furthermore, Park and colleagues used the CRISPR/Cas9 system to repair
the disease-causing chromosomal inversion in iPSCs from hemophilia A patients [158].
Endothelial cells differentiated from those iPSCs expressed the F8 gene and were also fully
functional in a mouse model of hemophilia [158]. Together, these studies indicate the
enormous potential of the CRISPR/Cas system for genomic correction of patient-specific
iPSCs for the treatment of monogenic disorders. For further information about the appli-
cations of CRISPR/Cas9 genome editing in human iPSCs, especially for the discovery of
therapeutic approaches and gene therapy, we refer to a recent review by Masi et al. [107].
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Figure 3. CRISPR/Cas9-mediated correction of frameshift mutations via NHE] or
HDR pathway. To repair a single base pair deletion in beta-2-microglobulin gene (B2m)
(NC_000068.8:121981364), cells were nucleofected with CRISPR/Cas9 ribonucleoparticles
(RNPs) containing 70 pmol of Cas9 complexed with 210 pmol of crRNA (5-GCGTGAG-
TATACTTGAATTG-3"):tracrRNA complexes together with 70 pmol of electroporation en-
hancer or with the same RNPs in the presence of 100 pmol of single stranded DNA HDR
template (5-
GTTTTCATCTGTCTTCCCCTGTGGCCCTCAGAAACCCCTCAAATTCAAGTATACTC
ACGCCACCCACCGGAGAATGGGAAGCC-3’; all components from Integrated DNA
Technologies Inc.). Nucleofection with prepared RNPs with or without HDR template in
a total volume of 10 pl was done using SF cell line 4D-NucleofectorTM X Kit L and a 4D
nucleofector X and Core units (all Lonza) using program for RAW 264.7 cell (pulse code:
DS136). After nucleofection, cells were expanded for 2 days before they were used for (A)
FACS analysis of major histocompatibility complex class I (MHC-I) re-expression of the
cell surface; or (B) DNA extraction to amplify by PCR the region of interest (Forward pri-
mer 5-GACACTGCTAAAAGCCAGGT-3, reverse primer 5'-
CAGATGGAGCGTCCAGAAAGT-3’; 98°C 30", 35 cycles [98°C 5”7, 55°C 10”, 72°C 40"'],
72°C 2’ using high fidelity DNA polimerase), sequence it by Sanger sequencing and ana-
lyze the results using ICE (Synthego) to determine the type of genetic changes induced by
NHE] or HDR.

HDR pathway can be used in T cells for research purposes including the insertion of
fluorescent protein genes (such as GPF) or bioluminescent tags [159]. More importantly,
in the field of cancer therapy, the CRISPR/Cas system in combination with HDR was suc-
cessfully used to insert the CAR gene into the TRAC gene, thus disrupting the expression
of the endogenous TCR [126,160]. This approach allows the production of T cells that are
directed against tumor-specific antigens to effectively treat a variety of malignant dis-
eases. Thus, HDR-mediated CRISPR/Cas modifications hold the promise to become an
important tool for the in vitro generation of T cells with various specificities that can be
used “off-the-shelf” for immunotherapies. To achieve a successful HDR-mediated gene
editing several key points should be considered during template design and its co-deliv-
ery into the cells.

5.1. Selection of appropriate gRNAs for HDR-mediated repair

As for gene knock-out experiments, the most important parameter for the initiation
of HDR seems to be the efficacy of the gRNA (or crRNA/tracrRNA) used [116]. In addition
to the gRNA efficacy, it seems that the targeted DNA sequence also affects which type of
genome editing occurs. Recent bioinformatic analysis revealed that sequences repaired
with MME] more often induce HDR than sequences repaired with classical NHE] [161].
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For effective HDR it seems also to be crucial to select gRNAs that will guide Cas9 to
PAM sites at the proper distance from the desired editing site [86]. The gRNA should be
designed such that the DNA cut site is as close as possible to the region of homology [162],
because knock-in efficiency drops as this distance increases [87]. It has been suggested
that the distance between the PAM sequence and the site of the mutation should not ex-
ceed 10 bases [163,164]. A study by M. Liu et al. has shown that DSB should be within 10
bases up and to a maximum of 100 bases of the integration site [87]. However, gRNAs
with high editing efficiency will induce high HDR insertion rates even if their cutting sites
are more than 10 bases away from the insertion [116].

5.2. HDR template type

An HDR template can be in a form of ss-DNA, long linear or circular (plasmid) ds-
DNA, or AAVs-incorporated DNA [116]. Of note, it is important to protect the ends of
linear donor DNA templates with phosphorothioate modifications to prevent them from
degradation within the cells [162]. All in all the literature indicates that all template forms
mentioned can successfully be used for gene editing in T cells. Eyquem et al. delivered
Cas9 mRNA and gRNA by co-electroporation following transduction of AAV vector car-
rying an HDR template to disrupt the TRAC gene and replace it with a CD19 CAR with a
knock-in efficiency of <40% [126]. On the other hand, Roth et al. co-electroporated RNP
complexes with ss- or ds-DNA templates to create T cells with various knock-in modifi-
cations with efficacies up to ~40% and ~50%, respectively [94]. However, the use of ds-
DNA templates (irrespectively of the mode of delivery) has several limitations. These tem-
plates are toxic to the cells and have a relatively narrow working concentration [94,95].
Moreover, ds-DNA templates can also be incorporated by dominant NHE] process or
even at off-target DSB [94]. All these issues can be avoided by the use of ss-DNA tem-
plates. However, the synthesis of long (>500 nt) ss-DNA templates is technically challeng-
ing and relatively expensive. The choice of the HDR template design seems to be mostly
dependent on the insertion size. In general, ss-DNA molecules seem to be optimal tem-
plates for the induction of small changes such as SNPs or short inserts. On the other hand,
the ds-DNA donors are preferred for inserts longer than 100 bp, such as epitope tags or
entire genes [162].

If ss-DNA are used as HDR templates, it is also important to consider whether it will
be synthetized as the sequence of the genomic DNA strand containing the PAM (non-
target strand as it does not bind gRNA) or as the sequence of genomic DNA strand that
binds gRNA (target strand). Of note, while Cas9 globally dissociates from duplex DNA
symmetrically, after cleavage it locally first releases the non-target strand before the target
strand [165]. Hence, Richardson et al. tested co-delivery of Cas9 RNP with ss-DNA tem-
plates complementary to the non-target or target DNA strand into HEK293 cells and
found that non-target strand donor exhibited on average 2.6x higher HDR efficiency than
the target strand donor [165]. However, a subsequent study using a different set of gRNAs
in the same cells found that the target strand (without PAM) served as a better donor than
non-targeted strand [162]. Similarly, ss-DNA with the sequence of target strand had su-
perior HDR efficacy than the non-target strand ss-DNA in iPSCs [166]. These seemingly
contradictory results were recently resolved when it was demonstrated that the donor
strand preference depends on the genome location and the type of cell used [116,167].

5.3. Design of HDR template "homology arms’

Irrespective of the HDR type used, it is crucial to properly design its sequences ho-
mologous to the specific sequence flanking the cut site ‘homology arms’). If working with
human material, special care should be taken to assure that these sequences are free of
any polymorphisms that could prevent template incorporation. The length of the homol-
ogy arms depends on the size of the desired change. Large insertions, such as those coding
for GFP or a CAR, require templates with homology arms of a length =300 bp [94,95]. On
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the other hand, homology arms with a length of approximately 60 bp efficiently introduce
short modifications, for example, nucleotide exchanges to correct mutations [94,114]. Ac-
tually, for this type of gene editing ss-DNA and linear ds-DNA with relatively short ho-
mology arms (up to 80 bp) proved to be equally good [168] or even more efficient than
dsDNA plasmid template with long (>500 bp) homology arms [169].

In case ss-DNA templates are used, it is important to consider whether symmetric or
asymmetric homology arms are used. The latter commonly have a shorter homology arm
on the PAM-distal side and a longer homology arm on the PAM-proximal side of the
break. The templates with asymmetric homology arms were reported to have enhanced
HDR efficiency compared to their counterparts with symmetric homology arms [162,165].
However, it was recently suggested that the asymmetry of homology arms affects only
templates with short (<30 nt) homology arms [116].

Recently the group of from Alexander Marson showed that HDR efficiency can be
two- to four-fold improved by adding the short truncated Cas9 target sequences (tCTS) to
homology arms of ds-DNA templates. The increased HDR efficacy is a result of Cas9-
mediated template shuttling into the nucleus, as RNPs can bind to but not cleave tCTS
[115]. Similarly, a recent pre-print also reported that tCTS-modified ds-DNA HDR tem-
plates have an advantage over conventional templates for CAR-T gene knock-in, albeit
only at low template concentrations [95].

It is also important to incorporate mutations within the HDR template that prevent
the re-cleavage by Cas9 once the template got integrated [116,163,166]. Recently, Schubert
et al. showed that in the absence of such mutations the efficacy of correct template inte-
gration is as low as <2% [116]. The addition of a blocking mutation in the second or third
base of the NGG' PAM sequence increased the efficacy of template integration to 8.0% -
17.8%. Similarly, mutations within the seed region of crRNA (defined as the PAM-proxi-
mal 10-12 bases on the 3’ end of the crRNA) also significantly increased template integra-
tion efficacy, albeit at a lower rate than the mutations within the PAM sequence [116].

5.4. Inhibition of HDR template toxic effects

The delivery of high amounts of ds-DNA can have toxic effects, mostly due to recog-
nition of pathogen-associated molecular patterns within the plasmid DNA [108,109]. In-
terestingly, a preprint reported that treating T cells with DNA-sensor inhibitors before
electroporation with a HDR template led to a slight increase in cell viability and CAR
insertion rate [95]. However, these results seem to be related to a partial increase in the
number of T cells being in the S phase of the cell cycle after treatment with DNA-sensor
inhibitors, rather than with direct anti-toxic effects [95].

5.5. Promoting HDR over NHE]

The efficacy of HDR can be increased by tipping the choice for DSB repair away from
NHE] (reviewed in [76]). This can be achieved by suppression of NHE]-factors, such as
DNA ligase IV with SCR7 (NHE] inhibitor) or the Ku-complex through Ku-specific siR-
NAs. On the other hand, HDR can be promoted by inhibition of apoptosis or p53-depend-
ent cell cycle arrest, or the use of cell-cycle-synchronization substances, such as noco-
dazole (reviewed in [76]). However, only a few of those approaches have been tested with
T cells. XL314, a CDC7 cell cycle kinase inhibitor, has been shown to increase HDR in
primary T cells possibly by increasing the retention time in late S or G2 phases of the cell
cycle [117]. Treatment of T cells with XL314 post-Cas9 RNP delivery has been shown to
increase the total HDR rate 2-fold and 1.2-fold using ss-DNA and ds-DNA HDR tem-
plates, respectively [117]. Fu et al. tested on iPSCs 14 different small molecules with re-
ported ability to increase HDR-mediated editing [93]. The two most potent NHE] inhibi-
tors, M3814 and TSA, were then further evaluated on T cells and found to almost com-
pletely block NHE]-mediated DNA repair. A combination of these two compounds pro-
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moted AAV-mediated ds-DNA template integration more than 2-fold [93]. These interest-
ing findings require further validation before NHE] inhibitors find a broader use for
CRISPR/Cas-induced and HDR-mediated T cell modification, especially for the cells used
in clinical applications. An alternative could be exposing cells to a cold shock (32 °C for 24
or 48 hours), which was also shown to increase the rate of HDR by 2 to 10 fold in iPSCs
and HEK293 cells [170]. Although the mechanism of this effect is not completely under-
stood, it seems that the lower temperature has a thermodynamic effect that stabilizes
gene-editing mediators. If proven functional also in T cells, this method would be easily
applicable for the production of modified T cells for clinical experiments.

5.6. Practical considerations during performing HDR-mediated CRISPR/Cas9 gene editing
experiments

Certain experimental protocol steps seem to be crucial for HDR-mediated
CRISPR/Cas9 gene editing. First, it is important to provide the HDR template in the high-
est amount possible that does not induce toxic effects to the cells. This is especially im-
portant when ds-DNA templates are used and available data suggest a narrow range of
1-4 g per reaction [94,95,114]. Furthermore, it seems that the order by which the ds-DNA
is added to the cells can also affect HDR efficiency and cell viability. Roth ef al. reported
that pre-incubation of RNPs with dsDNA HDR template before adding T cells signifi-
cantly increases the efficiency of HDR integration at the cost of decreased cell survival.
They reported that for high concentrations of dSDNA HDR templates T cell survival is
higher when the RNP and cells are mixed before the DNA donor is added immediately
before electroporation [94]. If HDR templates are delivered by AAV, viral transduction
should be done immediately after cell electroporation to significantly increase the rate of
T cell transduction [90].

Appropriate timing of transfection or transduction after cell stimulation is an im-
portant parameter for successful template delivery into T cells. Several studies have
shown that the best time is 2 to 4 days after activation due to increased cell size and active
TCR signaling [25,94,95,115]. The exact optimal time point seems to depend on the activa-
tion protocol used in each study and requires experimental validation during the estab-
lishment phase.

Finally, although the expression of the integrated genetic information can be deter-
mined using FACS or Western blot, DNA sequencing is of most importance since some
knocked-in genes resulted in protein products with different lengths that deviated from
sequences coded by the template [86].

6. Conclusions

CRISPR/Cas-mediated gene editing revolutionized many areas of biology. In T cell
immunology, CRISPR/Cas-mediated modifications facilitated crucial important insights
into T cell function. More importantly, they also enabled the production of novel adoptive
T cell products for the treatment of malignant and chronic viral diseases. In recent years,
we have witnessed constant optimization of experimental protocols for the delivery of
CRISPR/Cas9 components to the T cells. Current protocols using nucleofection of Cas9
RNPS allows efficacies of close to 100% for gene deletion and up to 60% for HDR template-
mediated gene insertion [82,94,99,114,127-129]. Such high efficacies allow the production
of genome-edited T cells for adoptive cell transfer into the tumor or immunosuppressed
patients, which are currently being tested in initial clinical trials. Further standardization
of the CRISPR/Cas systems holds a promise to solve some of the current remaining chal-
lenges, such as excessive cell loss due to cargo delivery or the possibility of unwanted off-
target effects.
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