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Adoptive T cell therapies have shown impressive signals of ac-
tivity, but their clinical impact could be enhanced by technolo-
gies to increase T cell potency and diminish the cost and labor
involved in manufacturing these products. Gene editing plat-
forms are under study in this arena to (1) enhance immune
cell potency by knocking out molecules that inhibit immune re-
sponses; (2) deliver genetic payloads into precise genomic loca-
tions and thereby enhance safety and/or improve the gene
expression profile by leveraging physiologic promoters, en-
hancers, and repressors; and (3) enable off-the-shelf therapies
by preventing alloreactivity and immune rejection. This review
discusses gene editing approaches that have been the best stud-
ied in the context of human T cells and adoptive T cell thera-
pies, summarizing their current status and near-term potential
for translation.
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INTRODUCTION
Adoptive T cell therapies, including chimeric antigen receptor (CAR)
T cells, tumor-infiltrating lymphocytes, and T cells engineered to ex-
press tumor-specific T cell receptors (TCRs) can eradicate large tu-
mor burdens and mediate durable disease control,1–17 but most pa-
tients treated with such therapies do not benefit.18 Furthermore,
adoptive T cell therapies for cancer are expensive and laborious to
manufacture, and autologous products manifest wide differences in
potency due to interindividual variability. Some think that master
cell banks of allogeneic products engineered to mediate antitumor ef-
fects, prevent graft-versus-host disease (GVHD), and avoid immune
rejection could provide a major advance, as they could be multiply en-
gineered for enhanced potency and manifest greater consistency at a
reduced cost. Thus, the field is working vigorously to combine genetic
engineering, synthetic biology, and gene editing to deliver more
potent adoptive immune cell therapies with greater accessibility and
at lower cost.19

Gene editing changes the DNA of cells in a site-specific manner. Edit-
ing of a mammalian cell genome was first demonstrated by expressing
an endonuclease that created a double-strand DNA break in murine
cells, which was repaired by error-prone non-homologous end
joining or homology-directed repair.20 With the goal of enhancing
efficiency and translating to therapeutic applications, a variety of
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nucleases have since been developed and optimized for use in human
cells, including zinc finger nucleases (ZFNs), transcription activator-
like effector nucleases (TALENs), clustered regularly interspaced
short palindromic repeats associated with Cas9 or other Cas endonu-
cleases (CRISPR-Cas), homing endonucleases/meganucleases, mega-
TALs, base editors, and prime editors21–24 (Figure 1).

ZFNs and TALENs are chimeric nucleases, composed of programma-
ble, sequence-specific DNA-binding modules linked to a DNA cleav-
age domain, which induce DNA double-strand breaks that stimulate
endogenous DNA repair mechanisms. CRISPR-Cas, derived from
archaeal and bacterial antiviral defense systems, induces double-
strand DNA breaks at the site targeted by a single guide RNA
(sgRNA).25,26 The first human trials using genome editing were con-
ducted using T cells and hematopoietic stem cells (HSCs) collected
from patients with HIV/AIDS and targeting CCR5, the gene encoding
the CD4+ coreceptor for HIV entry. The CCR5 gene was disrupted via
ZFN-mediated double-strand DNA breaks and subsequent non-ho-
mologous end joining in one study and was disrupted via CRISPR ed-
iting in hematopoietic stem and progenitor cells (HSPCs) in a second
study.27,28

CRISPR-Cas systems are continuing to evolve to incorporate diverse
Cas effectors (Figure 1).29–32 Meganucleases, homing endonucleases
derived from I-CreI and I-CeuI, recognize DNA sequences with
palindromic sequences and cause DNA double-strand breaks,33

while megaTALs are engineered chimeric proteins fusing homing
endonucleases and TAL effector arrays.34 Gene editing can now
be accomplished without induction of double-strand DNA breaks:
through base editing, wherein a catalytically dead Cas (dCas9)
and a base modification deaminase are catalytically fused, thereby
editing bases within a small segment of displaced DNA;23 and
through prime editing, which relies on dCas9 fused to an engineered
reverse transcriptase and prime editing RNA (pegRNA), to target a
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Figure 1. Schematic of a sample of gene editing methods

ZFN and TALEN use FokI nonspecific nuclease in addition to DNA binding domains to induce site-specific cleavage. ZFN, TALEN, and CRISPR-Cas9 create double-strand

DNA breaks, which can induce gene knockout by non-homologous end joining. Double-strand breaks can also be repaired by homology-directed repair in the presence of a

donor DNA template, resulting in insertion of a transgene (e.g., knock-in). CRISPR-Cas13 cleaves RNA, and base editors introduce site-specific DNA point mutations.

Adapted from “CRISPR/Cas9 (crRNA, tracrRNA),” “ZFN and TALEN nucleases for gene editing,” and “CRISPR/Cas9 gene editing,” by BioRender.com (2021). Retrieved

from https://app.biorender.com/biorender-templates.
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site in the genome and provide a template for the desired edit36

(Figure 1). In the context of adoptive cell therapy, gene editing plat-
forms are being developed for three major goals: (1) enhancing im-
mune cell potency by knocking out molecules that inhibit immune
responses; (2) delivering genetic payloads into precise genomic loca-
tions and thereby enhance safety and/or improve the gene expres-
sion profile by leveraging physiologic promoters, enhancers, and re-
pressors; and (3) enabling off-the-shelf therapies by preventing
alloreactivity and immune rejection (Figure 2). This review focuses
on studies employing gene knockout (KO) and/or gene editing in
human T cells that have already been or are poised for near-
term clinical translation. Note that we do not review approaches
underway to enhance therapies using gene overexpression or syn-
thetic circuits, which have been the focus of recent comprehensive
reviews.37–39
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GENE KNOCKOUT TO ENHANCE T CELL POTENCY
T cell potency is regulated by a complex array of activating and inhib-
itory signals evolved to maximize immune competence against viral
infection while diminishing risks for autoimmunity and lymphopro-
liferation. Such physiologic regulators are candidates for knockout
to enhance T cell potency, especially in the setting of cancer therapies.
For instance, Fas-FasL-dependent activation-induced cell death
(AICD) attenuates CAR T cell activity, whereas Fas-ablated CAR
T cells generated using CRISPR-Cas9 exhibited decreased AICD and
manifested increased lifespan, cytokine secretion, tumor cell killing,
and enhanced tumor control.40–42 CRISPR-Cas9 knockout of diacyl-
glycerol kinase (DGK) was shown to generate CAR T cells resistant
to DGK-mediated downregulation of TCR distal molecules (including
extracellular signal-related kinases 1 and 2 [ERK1/2]), thus potenti-
ating CAR T cell effector function.43 CRISPR-Cas9-mediated
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Figure 2. Key goals for gene editing in the context of adoptive cell therapies

Goal 1 seeks to enhance potency by knocking out molecules that inhibit immune responses, such as inhibitory receptors. Goal 2 seeks to deliver genetic payloads into

precise genomic locations, such as the locus of the endogenous TCR. Goal 3 seeks to enable off-the-shelf therapies, by preventing alloreactivity and immune rejection.
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knockout of the adenosine A2A receptor, which is activated by the
immunosuppressive factor adenosine, was also found to enhance
CAR T cell efficacy.44

Knockout of inhibitory receptors, which are overexpressed in ex-
hausted T cells, have been a focus of numerous studies.19,45,46 Several
studies have demonstrated enhanced T cell potency of PD-1-deficient
T cells, following PD-1 blockade, and with CRISPR-Cas9-mediated
PD-1 knockout.17,47–49,50–53 Not surprisingly, therefore, the first-in-
human, phase I human clinical trial to test the safety and feasibility
of multiplex CRISPR-Cas9 genome editing for a cancer immuno-
therapy application infused autologous T cells engineered to express
the NY-ESO-1 TCR edited at the PDCD1 locus, thereby inducing PD-
1 knockout19,54,55 (ClinicalTrials.gov: NCT03399448). In this study,
approximately 25% of the T cells expressing the NY-ESO-1 TCR in
the infusion product had mutations in the PDCD1 locus, but this
decreased to approximately 5% 4 months after infusion, illustrating
that PDCD1 knockout actually led to diminished T cell expansion
and/or persistence. This may be a result of PD-1 biology, and its
known contribution to T cell fitness,56,57 or it could reflect adverse
effects of CRISPR-Cas9 editing on T cell fitness.

Measurable levels of off-target genotoxicity, mostly in the form of
genomic translocations, were present in the infused product, but no
evidence for transformation or lymphoproliferation was observed.
Humoral responses to Cas9 did not develop in any of the three pa-
tients, which may reflect the low content of Cas9 in the infused prod-
uct and/or the immunodeficiency in the patients due to their exten-
sive previous treatment histories.40 Safety and feasibility of
CRISPR-Cas9-edited T cell therapy is being studied in PD-1 knockout
T cells for the treatment of adult solid tumors58 (ClinicalTrials.gov:
NCT03545815) and has been shown in a clinical study of the treat-
ment of non-small cell lung cancer using PD-1-edited T cells (Clini-
calTrials.gov: NCT02793856).59 These early clinical studies demon-
strate feasibility and an early safety signal for CRISPR-Cas9 editing
of adoptive T cells but demonstrated diminished fitness of PD-1-edi-
ted T cells. Findings of off-target genotoxicity also raise important,
but currently unanswered, questions regarding how best to quantify
genotoxicity in gene-edited populations and what level of genotoxic-
ity is safe and acceptable in the context of clinical studies.

These studies highlight that while progress in developing technologies
to disrupt genes in T cells has advanced significantly, biological un-
derstanding has not yet identified the optimal gene, or gene combina-
tion, for which knockout will enhance potency and improve patient
outcomes. Recent progress in delivering either whole-genome sgRNA
libraries or curated sgRNA libraries that target hundreds of genes60,61

into human T cells with high efficiency is enabling comprehensive
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screens for targets that enhance potency when disrupted. Recently,
such efforts in CAR T cells identified increased potency upon deletion
of TLE4, a transcriptional corepressor of multiple genes encoding in-
flammatory cytokines,62 and IKZF2, which is upregulated in ex-
hausted CAR T cells.63–65 Recently, CRISPR-Cas9 transfection of pri-
mary human T cells without TCR stimulation to enable study of genes
involved in T cell activation has been shown to result in a knockout
efficiency >90%.66 We anticipate significant additional data in the
near term identifying additional candidates for knockout to confer
enhanced potency in T cells.

Gene knockout has also been a focus of numerous studies aimed at
preventing T cell fratricide, and this study area is most advanced in
the development of CAR T cells for treatment of T cell malignancies.
Fratricide-resistant human CAR T cells have been successfully gener-
ated using multiple platforms, including base editing of TCR/CD3
and CD7, thus disrupting gene expression via creation of stop codons
or elimination of splice sites followed by lentiviral-mediated expres-
sion of CARs targeting CD3 or CD7;67 TALEN-mediated disruption
of TRAC and lentiviral-mediated CD3-CAR expression;68 CRISPR-
Cas9 editing with guides targeting CD7 and TRAC loci followed by
lentiviral-mediated CD7-CAR expression;69 CRISPR-Cas9-mediated
knockout of CD7 followed by g-retroviral-mediated CD7-CAR
expression;70 as well as by CRISPR-Cas9 editing of the CD5 locus fol-
lowed by lentiviral-mediated CD5-CAR expression.71 Clinical trans-
lation will need to address the expected killing of normal CD3+,
CD7+, and CD5+ cells following adoptive transfer and the conse-
quences for T cell-mediated immunity. Highlighting the potential
for T cell aplasia with these platforms, a phase I dose escalation study
(ClinicalTrials.gov: NCT03081910) of autologous CD5-CAR T cells,
which showed minimal fratricide even without CD5 editing, found
prolonged cytopenias in two of five patients and reactivation of cyto-
megalovirus (CMV) and BK virus requiring antiviral therapy in one
of five patients.72

Finally, CAR T cell therapy efficacy, as evaluated by progression-free
survival and length of overall survival, has been found to decrease
with glucocorticoid administration for the treatment of cytokine
release syndrome (CRS).73 Based on findings that granulocyte-macro-
phage colony-stimulating factor (GM-CSF) promotes CRS, TALEN-
mediated gene knockout of GM-CSF in CAR T cells suppressed the
secretion of CRS biomarkers by monocytes,74 suggesting a potential
strategy to mitigate toxicity related to CRS and neuroinflammation,75

and thereby improve outcomes following CAR T cell therapy.

GENE EDITING TO DELIVER GENETIC PAYLOADS
INTO PRECISE LOCATIONS IN THE GENOME AND TO
ENABLE VIRAL-FREE GENE ENGINEERING
When double-strand DNA breaks induced by gene editing platforms
discussed herein are repaired by homologous recombination, in the
presence of an appropriate DNA template, a genetic payload is inserted
into a precise genomic location (e.g., knockin).Viral vectors, such as ad-
eno-associated virus (AAV) vectors, are most commonly used to pro-
vide a template for knockin platforms. For instance, in a preclinical
3156 Molecular Therapy Vol. 29 No 11 November 2021
model, using CRISPR-Cas9/AAV to insert a CD19-specific CAR into
theTRAC locus resulted in enhancedpotency compared toCARsdeliv-
ered via retroviral vectors,76 presumably bymodulation of CAR expres-
sion levels at baseline and following antigen activation, thereby tuning
theCAR signal and preventingCART cell exhaustion.Combining gene
knockout with knockin of a gene of interest also provides the additional
benefit of enabling more precise quantitation of the gene editing effi-
ciency since a knockin gene can function as a marker for tracking
and/or selection of gene-edited cells.77 Knockin of selectable markers
also provides options for increasing purity and homogeneity of cell
products, thereby enhancing therapeutic potency in clinical settings.

Genetic reprogramming of T cells in the context of adoptive T cell
therapies has predominantly utilized recombinant viral vectors,
including g-retroviral vectors, lentiviral vectors, and DNA transpo-
sons to introduce transgenes. Viral vectors integrate randomly into
the genome, which confers risks of insertional mutagenesis and/or
diminished transgene expression due to regulatory elements in prox-
imity to the integration. Two clinical cases of lentivirus insertion-
mediated CAR T cell clonal expansion have been described: a
CD19 CAR T clone with insertion in the TET2 locus, which demon-
strated enhanced T cell potency; and a CD22 CAR T clone with inser-
tion in the CBL locus that constituted approximately half of total
white blood cells in the second peak of CAR T cell expansion.78,79

Furthermore, two cases of T cell lymphoma have been observed as
a result of insertional mutagenesis using the Piggybac transposon
platform.80–82 These results verify that integration into host genes
can lead to transformation and leukemogenesis and thereby confirm
the risk of random vector integration.

These safety issues, in addition to the expense and laborious
manufacturing process involved in generating viral vectors, have led in-
vestigators to develop viral-free CRISPR-Cas9 platforms for gene deliv-
ery.17,83 Knockin efficiency with viral-free platforms remains lower
than with comparable sized AAV templates but could ultimately
enhance options for gene delivery by eliminating the need for viral vec-
tors, which may lower cost, increase efficiencies and consistency, and
improve safety. Site-specific viral-free gene delivery is an active area
of translation for HSCs84 and has been pursued in the context of
T cells via CRISPR-Cas9-mediated specific insertion of a BCMA
CAR at the TRAC locus, which has demonstrated consistent and
high CAR expression.85 Thus, precision payload delivery is likely to
be increasingly applied to adoptive T cell therapies for controlled inser-
tion to standardize transgene expression. Furthermore, insertion of a
selectable marker provides an opportunity to render a purer product
for clinical use.

GENE EDITING TO CREATE ALLOGENEIC, OFF-THE-
SHELF T CELL THERAPIES
Most clinical trials of adoptive cell therapy for cancer employ autol-
ogous T cells. Manufacturing of such products is expensive, labor
intensive, requires long timelines, and results in significant product
heterogeneity. Allogeneic T cell banks could provide off-the-shelf
T cell therapies that circumvent these limitations. However,
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numerous challenges must be overcome if allogeneic T cells are to
deliver potent and effective antitumor responses. First, the endoge-
nous TCR must be knocked out to prevent GVHD. Conversely, mis-
matched human leukocyte antigen (HLA) alleles on the surface of
allogeneic T cells must be knocked out to prevent rejection by host
T cells, while approaches must be incorporated to prevent natural
killer cell-mediated graft rejection, which increases in the absence
of self HLA molecules.

T cell editing to introduce an exogenous, high-avidity, tumor-specific
TCR is complicated by the presence of the endogenous TCR due to
risk associated with inappropriate pairing of the exogenous and
endogenous TCR chains. Such mispairing not only decreases trans-
genic TCR activity via competition for CD3 binding but also can
contribute to GVHD or autoimmunity based on unpredictable spec-
ificities of new hybrid heterodimers. Addressing this risk, engineered
meganuclease technology and TALEN technology have each been
applied to target the TCR a- chain as a means of preventing
GVHD and creating a universal, allogeneic T cell product.86–88 In
addition, TCR-edited T cells have been generated through ZFN-
mediated disruption of endogenous TCR a and b chain genes
followed by lentiviral transfer of a tumor antigen-specific TCR.
ZFN-edited cells, as compared to unedited T cells, exhibited increased
specificity in antigen recognition.89–91

The first clinical trials of allogeneic CAR T cell products utilized the
UCART19 platform. Patients with refractory leukemia were treated
with CD19 CAR T cells generated from a healthy donor and subjected
to TALEN-mediated disruption of the TCR and CD52 loci. To further
minimize the risk of GVHD, T cells that retained their TCR because of
inefficient TALEN gene editing were depleted by immune selection
prior to infusion. To prevent rejection, patients received a potently
immunosuppressive anti-CD52 monoclonal antibody (mAb) (alemtu-
zumab),92 and ultimately underwent allogeneic stem cell transplant.93

In the first trial, UCART19 was administered to two infants with
relapsedCD19/CD52-acute lymphocytic leukemia (ALL), one ofwhich
developed grade 2 GVHD in the skin. In subsequent trials (Clinical-
Trials.gov:NCT02808442andNCT02746952), 7 children and 14 adults
received UCART19. During the 9-month follow-up period after infu-
sion, grade 1 acute skin GVHD occurred in 10%. CRS occurred in
91%, of which 14% had grade 3–4 CRS, and grade 1 or 2 neurotoxicity
occurred in 38%. 67% of patients had a complete response or complete
response with incomplete hematological recovery 28 days after infu-
sion, and 10 of 14 responders proceeded to subsequent allogeneic
stem cell transplant.94,95 These studies were the first to demonstrate
feasibility of using allogeneic cells, and additional clinical testing of
CD19/CD22 CAR T cells with CRISPR-Cas9-edited TRAC and
CD52 loci demonstrated safety and anti-leukemia efficacy (Clinical-
Trials.gov: NCT04227015).96

Additional universal CAR T cells have been generated and tested clin-
ically by TALEN editing of a CD123 CAR T cell for blastic plasmacy-
toid dendritic cell neoplasm (ClinicalTrials.gov: NCT03203369) and
by TALEN editing of a CD123 CAR T cell for acute myeloid leukemia
(ClinicalTrials.gov: NCT03190278). Furthermore, there are ongoing
phase 1 and phase 1/2a trials of allogeneic CD19 CAR T cell therapies
with TRAC-specific insertion of the CD19 CAR (ClinicalTrials.gov:
NCT04649112 and NCT03666000). Gene-edited CAR T cells have
induced antitumor effects in leukemia, although it remains unknown
whether the responses observed are durable and how long the alloge-
neic cells persisted following adoptive transfer, which is being
explored in part through long-term follow-up of patients exposed
to UCART19 (ClinicalTrials.gov: NCT02735083).

To evade donor HLA-mediated immune rejection, CRISPR-Cas9
T cell editing has been applied to b2-microglobulin (B2M) and
HLA-II a chain genes (HLA-DRA, DQA, and DPA), showing
decreased alloreactivity in vitro.97 HLA class I, HLA class II, and
TCR triple-knockout T cells by CRISPR-Cas9 editing of B2M, class
II major histocompatibility complex transactivator (CIITA), and
TRAC loci did not induce GVHD in preclinical models.98 Ongoing
clinical trials of gene-edited allogeneic T cell therapies are studying
TRAC/B2M-knockout CD19 CAR T cells for B cell leukemia and
lymphoma (ClinicalTrials.gov: NCT03166878 and NCT03229876),
TRAC-knockout dual CD19/CD22 and CD19/CD20 CAR T cells
for B cell leukemia (ClinicalTrials.gov: NCT03398967), and TCR-in-
serted CD19 CAR T cells for non-Hodgkin lymphoma and B cell ALL
(ClinicalTrials.gov: NCT04649112 and NCT03666000).99 We antici-
pate continued advances in this arena with improved biological un-
derstandings regarding the optimal approaches to prevent cell rejec-
tion and improved technologies to enhance the efficiency of multiplex
gene-edited immune cell populations.

NEXT-GENERATION GENE EDITING IN THE ABSENCE
OF DOUBLE-STRAND DNA BREAKS
Technologies have evolved to exploit the gene targeting capacity of
the CRISPR-Cas platform while avoiding the potential risks associ-
ated with DNA double-strand breaks. Simultaneously providing an
inactivated Cas mutant that does not mediate DNA strand breaks
(e.g., dCas) and an enzymatic moiety to induce a localized molec-
ular change is providing a surfeit of opportunities for next-genera-
tion gene editing and modulation of gene transcription. CRISPR
interference (CRISPRi) delivers dCas with a transcription repressor
to selectively suppress gene transcription.100,101 CRISPRi can
efficiently repress expression of single or multiple genes in
mammalian cells, and its effects are reversible. In one report,
CRISPRi mediated conditional suppression of PD-1 signaling in
CAR T cells. Cells were engineered to express an anti-HER2
CAR, a tobacco etch virus (TEV) protease, and a PD-1 promoter
region-targeting gRNA as well as a linker for activation of T cells
(LAT) linked to dCas9-Krüppel-associated box (Krab) via a TEV-
cleavable linker. Upon CAR T cell encounter with antigen, TEV
cleaved the second complex, and thereby induced translocation of
dCas9-Krab to the nucleus where it targeted the start site of the
PD-1 gene and prevented PD-1 transcription. This synthetic circuit
prevented PD-1 signaling and was associated with improved in vivo
persistence and effectiveness against HER2-expressing oropharyn-
geal cancer xenografts.102
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CRISPR activation (CRISPRa) selectively induces gene transcription
via delivery of dCas with a transactivation moiety. Application of
this technique has allowed mapping of functional enhancers that
are candidates for therapeutic modulation.103 In the context of
T cell editing for cancer immunotherapy, this approach could enable
transient activation of transcriptional activators to enhance T cell
effector function and/or to selectively induce expression of regulatory
elements as a safety switch.

Short hairpin RNA (shRNA) technology has been applied to achieve
gene silencing without knockout of the endogenous locus. Interleukin
(IL)-6 shRNA engineered into CD19 CAR T cells (referred to as
ssCART-19), intended to reduce severe CRS in CAR T cell therapy,
showed gene silencing of IL-6 and decreased soluble IL-6 levels
in vitro and in vivo.104 A clinical trial that treated 7 of 13 patients
with ssCART-19 and the remaining with conventional CD19 CAR
T cells observed that despite all patients in both treatment arms
achieving complete response, ssCART-19 patients experienced lower
CRS grade and lower serum IL-6 levels. In a phase 1/2a trial, shRNA
technology has been integrated with other gene editing approaches in
CD19 CAR T cells with TRAC-specific insertion of the CD19 CAR
alongside a shRNA that suppresses expression of B2M for further
mediation of alloreactivity (ClinicalTrials.gov: NCT03666000).105

Base editing, via a nucleotide deaminase linked to a DNA-binding
protein, offers an approach to edit primary cells without double-
strand breaks.36,106,107 This provides a theoretical advantage for clin-
ical translation since risks of off-target genotoxicity are predicted to
be diminished. Recent base editing in human T cells showed no ev-
idence for detectable translocations compared to CRISPR-Cas9,
which is associated with translocation frequencies that exceed
2%.108 In primary human T cells, adenine base editors have been
evolved using a variant library to achieve 98%–99% target modifica-
tion, maintained when multiplexed across three genomic loci.109

Multiplex base editing of TRAC, PDCD1, and B2M loci in CD19
CAR T cells was reported to deliver greater efficiency and result in
decreased translocation frequency and fewer double-strand breaks
compared to traditional CRISPR-Cas platforms.29 However, base ed-
iting can induce genome-wide off-target DNA mutations at mis-
matched DNA targets in the genome, bystander mutations within
activity windows of base editors, and sgRNA-independent transcrip-
tome-wide RNA deamination, and work is underway to overcome
these challenges.104

Whereas base editors allow C>T or A>G conversions, the recently
described method of prime editing can mediate all 12 nt substitutions
as well as short insertions and short deletions. Thus far, prime editing
using RNPs in primary T cells has demonstrated a proof of concept,
but efficiency remains lower than in other platforms.110 In summary,
gene editing in the absence of double-strand breaks offers a promising
platform for safer editing compared to those that require double-
strand breaks and induce associated genotoxicity, and these novel
platforms are poised for improvements in efficiency and specificity
that will enhance their value in clinical contexts.
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CONCLUSIONS AND PERSPECTIVES
The success of CAR T cell immunotherapy for the treatment of B cell
malignancies has opened the door to an ever-increasing array of ther-
apeutic possibilities to use genetically engineered immune cell thera-
pies to treat cancer, infection, autoimmunity, and beyond.19,111,112,113

Technological advances in gene editing are dovetailing with this suc-
cess to exponentially increase possibilities to enhance immune cell
potency via gene disruption and/or gene insertion.114,115 Future
studies to better understand the biology and risks of gene editing
and to increase efficiencies for multiplex genome engineering repre-
sent important and ongoing areas of study.116–118 While the promise
of gene editing in the context of adoptive immune cell therapy re-
mains high, very few clinical data are available regarding long-term
safety and efficacy of gene editing in the context of immune cell ther-
apies. We anticipate rapid evolution in technologies and efficiencies
in the coming years, alongside increased biological understanding
that will inform target selection, as well as increased numbers of clin-
ical trials testing the safety and efficacy of gene editing platforms.
Collectively, these advances are predicted to enhance outcomes for
patients with cancer and other dread diseases.
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