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1 | INTRODUCTION

Janardhan Keshav Karapurkar! | Hee Yong Chung’? |

Abstract

Background: The recent emergence of gene editing using Clustered regularly inter-
spaced short palindromic repeats (CRISPR)-CRISPR associated system (Cas) tools and
advances in genomics and proteomics has revolutionized drug discovery and personal-
ized medicine.

Purpose and Scope: The CRISPR-Cas system has enabled gene and cell-based ther-
apies, screening for novel drug targets, a new generation of disease models, elucida-
tion of drug resistance mechanisms, and drug efficacy testing. Here, we summarized
recent investigations and strategies involved in cancer-related drug discovery using
the CRISPR-Cas system.

Conclusion: CRISPR-Cas-mediated gene editing has shown great potential in the
development of next generation drugs for treatment of Mendelian disorders and vari-
ous cancer types. In this review, we focused on the impact of the CRISPR-Cas system in
drug discovery and its application to biomarker identification and validation, high-end
target genes, and breakthrough anticancer cell therapies. We also highlighted the role

of CRISPR-Cas in precision disease modeling and functional drug screening.
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alter gene function are fundamental to biomedical research. Clustered

regularly interspaced short palindromic repeats (CRISPR) have been

Recently, genome-editing techniques have made an impact on human
health by modifying genetic material. Accurate editing of genetic
sequences of any organism is essential to elucidate gene function.

The processes of insertion, deletion, and modification of sequences to

Abbreviations: CRISPR, clustered regularly interspaced short palindromic repeats; Cas,
CRISPR associated system; hESCs, human embryonic stem cells; hiPSCs, human induced
pluripotent stem cells; PDX, patient-derived xenograft; DMD, Duchenne muscular dystrophy;
TSS, transcription start sites; HSPCs, hematopoietic stem and progenitor cells; PD-1,
programmed cell death protein-1; CTLA-4, cytotoxic T-lymphocyte-associated protein 4;
MHC, major histocompatibility complex; PRC2, polycomb repressive complex 2; LAG-3,
lymphocyte-activation gene 3; TIM-3, T-cell membrane protein 3; GITR, glucocorticoid
induced TNFR-related protein; CAR-T, chimeric antigen receptor T-cells; TCR-T, T-cell
receptor T-cells

adapted from the bacterial immune system to manipulate the genome.
CRISPR-Casis an RNA-guided tool to target and modify a gene of inter-
est in diverse organisms.[!!

In recent years, the CRISPR-Cas system has become the tool of
choice for molecular geneticists. CRISPR-Cas-based genome editing
has been implemented in various applications from cancer research
to plant biology (Figure 1). The CRISPR screening technology employs
a dynamic library system, and hit validation by combinatorial drug
screening gives a strong new strategy, which is especially well adapted
to the diverse experimental needs of each screening campaign, with the
potential for quick clinical translation. This suggests that these tech-

niques will be ready to help with robust hit finding in future positive
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(A) CRISPR-Cas-mediated genome editing. CRISPRs are sections of the bacterial genome that aid in viral defense. These are made

up of short DNA repetitions and spacers. When a previously unknown virus infects a bacterium, a novel viral-derived spacer is integrated amid
existing spacers. The CRISPR sequence is transcribed and decoded to produce small CRISPR RNA molecules. The CRISPR RNA binds to and directs
bacterial molecular machinery to a target sequence in the invading virus. The invading viral genome is broken up and destroyed by the molecular
machinery. (B) CRISPR-based gene editing. Guided RNA tailored to match the specific DNA region enables molecular machinery to cleave both
strands of the targeted DNA. A repair template with a defined sequence alteration is inserted into the cell and integrated into the DNA during the
repair process, resulting in a targeted DNA region that carries the new sequences. Reprinted from “2020 Nobel Prize in Chemistry: A Tool for
Genome Editing (CRISPR-Cas9),” by BioRender.com (2021). Retrieved from https://app.biorender.com/biorender-templates

selection screening approaches.[2] Although CRISPR is widely used to
correct point-mutation diseases, it also holds promise for development
of therapies to treat complex heritable and somatic disorders. Cur-
rently, the CRISPR-Cas system is being used toward novel drug devel-
opment and new therapeutic breakthroughs.

2 | CRISPR-CAS IN DISEASE MODELING AND
NOVEL DRUG SCREENING

A drug screening system consists of targeted drugs, screening meth-
ods, and, most importantly, a model that closely recapitulates the phys-
iology and clinical relevance of the disease condition. An integrated
study based on publicly accessible resources including The cancer
genome atlas, the encyclopedia of DNA elements, the UCSC cancer
genomics browser, the cancer cell line encyclopedia, and other sim-
ilar databases provides an important insight into genetic variations

across the global population.[3! Recent advances in medicine integrate

personal genetic information and publicly available genetic data to
design individual treatment strategies and drug development. How-
ever, hypotheses generated by large-scale genomic or proteomics data
need to be tested using precision cell-based or animal-based genetic
models to confirm the efficacy and sustainability of approved drugs
before designing treatment paradigms.

2.1 | CRISPR-Cas in the generation of cellular
models and large-scale screens

The advent of CRISPR-Cas-based genome editing has transformed
the dynamics of disease modeling for pharmacological research and
development of innovative therapeutic strategies. The development
of human isogenic gene-knockout cell lines for relative genomic stud-
ies has proved efficacious in almost all cell lines.!4! The efficiency
of CRISPR-Cas-mediated gene knockouts in cancer cell lines, human

embryonic stem cells (hESCs), human induced pluripotent stem cells
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FIGURE 2 CRISPR-powered drug discovery process. CRISPR has shown potential to address several technological problems associated with
drug discovery and early drug development through the following steps: Step 1. Multiple mutations can be generated simultaneously using CRISPR
during chemical screening to simulate disease genotypes. With improved cellular models, these preliminary screenings accurately remove
inefficient compounds and identify the most effective ones early in the drug discovery process pipeline. Hit molecules that pass this screening step
are subjected to more rigorous inspection in the pipeline’s following stage. Step 2: CRISPR has had a significant influence on this stage of
preclinical development by increasing the creation of models that properly replicate diseases during hit validation. Step 3: CRISPR facilitates
progress during lead identification and optimization by improving development of cellular and animal models used to assess the efficacy and safety
of candidate drugs. For example, instead of crossing single-mutant animals, mouse models with numerous mutations may now be produced in a
single step by directly altering zygotes. Furthermore, CRISPR will most likely allow for the generation of a broader spectrum of animal models. Step
4: Phases of clinical trials. Created with BioRender.com

(hiPSCs), normal immune cells, and organoids has helped to gener- ciency, off-target effects, production cost, and high-throughput screen-

ate clinically relevant models for drug screening and development.!®! ing. Among such models, iPSC-based disease models are one of the
CRISPR-Cas-based genetic manipulation is relatively less laborious most valuable tools in regenerative medicine. The CRISPR-Cas? sys-
and highly efficient for knockout-based target discovery, testing tem has been widely utilized to generate iPSCs disease models with
hypotheses about genetic lethality, and identifying proto-oncogenes, different gene KOs or to introduce disease-specific mutations through
oncogenes, tumor suppressors, and other cancer-associated factors.!¢] HDR-mediated gene editing, thus providing an excellent platform for
For example, the CRISPR-Cas9 system was used in recent clinical tri- disease modeling, autologous cell therapies, and drug discovery.[?] We
als to generate in vitro cancer models by silencing MELK and NAMPT, have summarized different available cellular models that are important
which are targets for novel chemotherapy drugs, OTS167 and KPT- in drug discovery set up in Table 1. Furthermore, iPSC-based disease
9274, respectively!”] To achieve this, they designed seven guides models unravel primary-cell-level disease phenotypes, but to reca-
against MELK and transduced into Cal51 and MDA-MB-231 cell lines.

The combination of CRISPR-Cas-mediated gene knockout and high-

pitulate tissue-level or organ-level phenotypes more complex three-
dimensional systems are required.
throughput sequencing along with computational mutation discovery
approaches have helped to identify physiological targets of drugs and
bioactive small molecules and have also unraveled mechanisms of drug 2.2 | CRISPR-Cas in organoid-based disease
resistance in cancer (Figure 2).[8] modeling for drug discovery

Recent developments in CRISPR-Cas9 technology and identifica-
tion of other Cas9 proteins has not only improved the success rate for Three dimensional organoid models have been critical to personal-

generating cellular models but has also addressed issues such as effi- ized anticancer therapy development, especially for targeted drug
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TABLE 1 CRISPR/Cas based disease models for drug discovery

Disease model
type

Cellular models

Organoid
models

Disease

Epilepsy

Huntington’s Disease

B-thalassemia

Fragile X syndrome

T cell leukemia

Friedreich’s ataxia

Hematopoietic
malignancies

Burkitt lymphoma (BL)

Autism

Cystic fibrosis

Alzheimer’s Disease

Colorectal cancer

Esophageal
adenocarcinoma

Colorectal cancer

Breast cancer

Microvillus inclusion
disease

Animal/Cell/ tissue
description

iPSCs-derived
neurons

iPSCs-derived
neurons

iPSCs

iPSCs-derived
neurons

Jurkat cells

HEK293

Hematopoietic stem
and progenitor
cells

Mouse FDC-P1,
human BL-derived
cells

Cerebral organoids

Intestinal stem cell
organoids

Cerebral organoids

Intestinal tumor
organoids

Barrett esophagus
(BE) organoids

Human colon
organoids

Human breast
organoids

Human intestinal
epithelial
organoids

Gene

SCN1A

HTT

HBB

FMR1

XPO1

FXN

B2M, CCR5

BIM, MCL-1

CHD8

CFTR

p35

APC, SMAD4, KRAS,
PIK3CA and TP53

ACVR1b, ACVR 2a,
and ARID2

APC

TGFBR2

TP53, PTEN, RB1
and NF1

MYO5B

Modification

Fluorescently labelled iPSC’s
derived GABAergic
neurons.

Replacement of expanded 97
CAG repeatsinexon 1.

Correction of intron 2
mutation site [IVS2-654 in
B-globin gene

Reversal of FMR1 silencing
and methylation by
deletion of CGG triplet
repeats at 5’UTR of FMR1.

Generation of homozygous
C528S XPO1 mutant.

Inducible expression of FXN
gene.

Deletion of B2M and CCR5
genes.

Inducible deletion of MCL-1
and BCI-2 family genes

Heterozygous CHD8+/- KO
cells.

Functional repair of CFTR by
transfecting donor plasmid
encoding wild type CFTR
gene sequence.

Inhibition of p25/Cdk5 by
replacing mutant p35 with
endogenous p35.

Generation of KRASG12Y/D
and PIBKCAE>#5K CRISPR
knock-in organoid models

Targeted disruption of
ACVR1b/2a,and ARID2
genes

Introduction of APC gene
mutation in human BE
organoids

Pooled CRISPR-Cas9 library
screening

Targeted knockout of breast
cancer associated tumor
suppressor genes.

Loss-of-function mutation

Reference
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TABLE 1

Disease model
type

Animal models

(Continued)

Disease
Duchenne muscular

dystrophy

Hereditary tyrosinemia

Cataract

Lung adenocarcinoma

Urea cycle disorder

Acute myeloid leukemia

Xlinked adrenal
hypoplasia congenital
and
hypogonadotrophic
hypogonadism

Parkinson’s disease

Burkitt lymphoma

Hepatocellular
carcinoma and
intrahepatic
cholangiocarcinoma

Colon cancer

Medulloblastoma and
glioblastoma

Rett syndrome

Pancreatic cancer

Animal/Cell/ tissue
description

Rat, mouse, Rhesus
monkey

Mouse

Mouse

Mouse

Mouse

Mouse

Cynomolgus
monkey

Baba miniature pigs

Mouse

Mouse

Mouse

Mouse

Mouse, Rabbit
embryos

Mouse

Gene

DMD

FAH

CRYGC

KRAS, p53 and LKB1

oTC

TET2, DNMT3A,
RUNX1, NF1, and
EZH2/MII3

DAX1

PRKN, DJ-1, PINK1

TP53

APC, ARID1A,
BRCA1, BRCA2,
CDKN2A, PTEN,
SMAD4, TET2 and
TRP53

TP53, APC, PTEN,
COL1A1

PATCH1/Pten, TP53,
NF1/EOMES/TBR2

Mecp2, Dnmt1,
Dnmt3a/b

Lkb1, Apc,
Arid1a,1b,5b,
Atm, Brcal,2,
Cdkn2a1b,2a2,2b,
Trp53, Pten,
Smad4

Modification

Correction of dystrophin
mutations at exon 45-55
using multiplexed sgRNAs.

Correction of causative
Fah-splicing mutation
using combined viral and
non-viral delivery of
sgRNA, repair template
and Cas9.

Correction of dominant
mutation in Crygc gene
into zygotes of mutant
mouse disease models.

Generation of mutant
Kras®12D and loss of
function mutation in p53
and Lkb1.

Correction of G—A point
mutation in spf*" mouse

Generation of in vivo myeloid
malignancy models

Generation of DAX1
deficient monkey

Multiplexed sgRNA’s
targeting PRKN, DJ-1, and
PINK1 genomic loci

Generation of
hematopoietic-cell
restricted p53 knockout
mice.

Multiplexed sgRNAs
targeting ARID family
proteins.

Conditional deletion

Multiplexed loss-of-function
mutation in tumor
suppressor genes in brain

Multiplexed targeting of by
AAV mediated in vivo
delivery spCAS9

Pancreatic cancer modeling
using Cre regulated Cas9.
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screening, genetic and epigenetic marker discovery, and progno-
sis based on related hallmarks.[1°1 Compared with two-dimensional
cell culture methods, the organoid culture method has shown far
better representation of key biomarkers of disease histopathology.
The three-dimensional organoids models are more efficient for high-
throughput screening of candidate compounds than animal studies,
thereby increasing the success rate and significantly reducing the cost
of production. Recent studies have demonstrated that patient-derived
tumor organoids can recapitulate gene expression, the genetic muta-
tional spectrum, gene-drug association, histopathology, and heteroge-
neous therapeutic response, making them suitable model for personal-
ized drug screening.[11:12] This novel approach can help prioritize and
design personalized therapeutic interventions needed to improve qual-
ity of life and survival in patients. The wide range of organoids that
include cerebral, stomach, intestinal, kidney, prostate, liver, and retinal
organoids have been generated from pluripotent stem cells or cancer-
ous tissue. The organoids are promising models for in vitro disease and
drug-testing efficacy prior to in vivo studies.!13]

Recent developments in organoid models have significantly influ-
enced the clinical drug discovery pipeline!'*! Three dimensional
organoid models bridge gaps between physiologic microarchitecture
and diffusion parameters by integrating cell-cell and cell-drug interac-
tions and stromal components for more efficient testing in the human
organ system.! 23] Genetically engineered glioma organoids generated
by integration of pluripotent stem-cell-derived organoids and CRISPR-
Cas9-based gene editing provides a system for in vitro disease mod-
eling and high throughput screening. Recently, studies have reported
on an engineered glioma cerebral organoid model by disruption of
TP53 and simultaneous addition of activated oncogene HRasCG12V [16]
Similarly, Bian et al. established neoplastic cerebral organoids via
CRISPR-Cas9-mediated mutagenesis and transposons. These glioblas-
toma organoids provide a preclinical model platform for investigat-
ing human brain cancer biology and for evaluating drug efficacy and
toxicity in context with specific genetic alterations.[1”] Overall, the
incorporation of organoid-based systems along with conventional two-
dimensional cell culture and animal models will revolutionize conven-
tional drug discovery and will produce cost-effective benefits in clinical
disease modeling. We have summarized different available organoid
models with potential application in fast-tracking drug discovery in
Table 1.

2.3 | CRISPR-Cas in conventional animal-based
disease modeling for drug discovery

Since its discovery, genetic engineering has dramatically influenced the
ability to generate animal disease models. The CRISPR-Cas9-based
genome-editing tool has been used to generate mouse, rat, and pri-
mate gene knockout models carrying single or multiple mutations or
knock-in models of reporter genes in mouse zygotes.! 18] The CRISPR-
Cas9 system allows a one-step editing method to simultaneously target
single or multiple genes carrying mutations in zygotes, thus eliminat-

ing the need for crossing mutant strains by breeding. Modern drug dis-

covery systems utilize CRISPR-Cas9 to rapidly generate specific animal
models, thereby greatly impacting the drug discovery pipeline.[19]

Animal applications of the CRISPR-Cas system have been challeng-
ing due to the large transgene size. However, use of viral vectors for
CRISPR-Cas9 pairing have allowed researchers to introduce somatic
mutations into lung and liver tissues. Recent studies using CRISPR-
Cas9 gene editing have not only targeted mice but has also success-
fully been applied in preclinical drug development models such as mon-
keys, rats, guinea pigs, and dogs.!20] Studying gene function through
gene knockouts and conditional transgenesis is an important applica-
tion of CRISPR-Cas? indrug discovery and disease modeling in rodents.
However, these preclinical animal models may fail to predict the effi-
cacy of novel drugs. Patient-derived xenograft (PDX) cancer models
generated by surgically engrafting a patient xenograft onto immun-
odeficient mice may maintain histological heterogeneity of a patient
tumor. PDX models provide proof of concept to determine clinically
equivalent drug doses, toxicity, and drug activity.[21! Several studies
have demonstrated the efficiency of PDX models for evaluating effi-
ciency of immune checkpoint-based immunotherapy, such as CTLA-4
and PDL1/PD1 inhibitors.[22]

Many mutant animal models have been developed through the
CRISPR-Cas9 system that recapitulate various infectious diseases
including tuberculosis, influenza, malaria, and Ieptospirosis.“‘” Recent
studies have reported on isogenic stable zebrafish mutant models car-
rying loss-of-function mutations that resulted in neurological, kidney,
or cardiovascular disorders.[23] Despite various challenges, zebrafish
have been one of the most reliable experimental models for pheno-
typic drug discovery pipeline. CRISPR-Cas9-edited zebrafish models
have been successfully employed in preclinical drug screening, includ-
ing dorsomorphin, a BMP inhibitor, and a PDE5A inhibitor, which are
both under chemical trials as therapy for Duchenne muscular dys-
trophy (DMD).[24] Similarly, CRISPR-Cas9-based humanized models
have been generated that carry a spectrum of the genetic mutations
found in patients suffering from DMD, neurological, or cardiovas-
cular disorders.[25] We have summarized available animal models in
Table 1. Animal models are primarily used in preclinical evaluation of
personalized regenerative medicine and designing therapeutic strate-
gies. Although discovery of the CRISPR-Cas9 tool has been a boon to
cell and animal disease model generation, condition optimization for
genetic manipulation in primates and other higher mammals remains a
major challenge. We have summarized different available animal mod-

els with potential application in fast-tracking drug discovery in Table 1.

2.4 | Screening for novel drugs using the
CRISPR-Cas system

The use of CRISPR-Cas tools for functional genomic screening pro-
vides a unique method for monitoring phenotypic changes. However,
it is often necessary to carefully analyze trial results and perform error
analysis, especially for negative-selection screening, which is the most
experimentally necessary screening method but has always been a

challenge in drug discovery. The pooled CRISPR-Cas gene knockout
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technique is an effective method to identify biomarkers for drug sen-
sitivity where increased drug toxicity is likely to occur.[2¢] Negative
selection screening should identify the loss of key genotypes or phe-
notypes in experimental datasets. This is a more challenging screening
setup, because a trial aims to find the rarer event, which is dependent
upon high penetrance of gene disruption and usually results in complex
datasets where the signal-to-noise ratio is high.!2¢!

CRISPRi-mediated screening is generally used in drug discovery and
can mimic the effects of small-molecule drugs better than complete
ablation. The CRISPRi screening method can also recognize the influ-
ence of transcripts from different transcription start sites (TSS). Alter-
natively, RNAi-based screening can uniquely differentiate between
different splice variants.[27! Similarly, CRISPRa screening is used to
assess genetic targets whose overexpression leads to a given phe-
notype and is a developing field.[28] Compared with previous cDNA-
based screening, CRISPR-based screening has many advantages. Due
to the complex nature of cDNA, the construction of cDNA screen-
ing resources is arduous. In contrast, the resources needed to per-
form a CRISPRa screen are similar to CRISPRn- or CRISPRi-based
screens. Additionally, cDNA expression screening depends on the tran-
scripts available in the library, and these transcripts may lack some
variants or genes. Conversely, by activating endogenous site expres-
sion, CRISPRa can trigger the expression of other secondary TSS tran-
scripts as easily as primary transcript expression, and sgRNAs can
be delivered to target each TSS. However, CRISPRa screening has its
own false-negative outcomes. For example, if a gene in the cell line of
interest comprises a loss-of-function, CRISPRa will not work. However,
combined screening strategies improve datasets for negative selec-
tion screening.2%] These screens entail an extra arm to deliver func-
tional gain data, are experimentally complex, and may not offer the high
sensitivity loss-of-function genetic intervention needed for rapid drug
development.

The recent development in screening strategies has significantly
improved the application of CRISPR-Cas in in vivo gene editing, how-
ever, safety aspects of the CRISPR-Cas system in context of the in
vivo gene editing in humans is unknown. The recent human preclin-
ical and clinical trials have been crucial in providing proof of con-
cept of the practical application of CRISPR-Cas? based gene editing
in humans. Using CRISPR-Cas9 based genotype-driven approach Beck
et al. recently reported for the first time that postzygotic deleterious
somatic mutation in UBA1 gene results in previously unknown adult-
onset inflammatory syndrome called VEXAS syndrome.l3%! In another
recently published case study, Gillmore et al. evaluated safety and
pharmacodynamics effect of “NTLA-2001"”, a new CRISPR-Cas9 based
in vivo gene editing therapy in 6 patients with hereditary Transthyretin
amyloidosis (ATTR) (NCT04601051). The preclinical studies demon-
strated that in vivo knockout of mutant TTR gene using at different con-
centration of NTLA-2001 resulted in decrease in misfolded TTR pro-
tein in the serum after single dose. However, serial safety assessment
showed mild adverse effect during first 28 days of administration. The
recent clinical trials reported the successful long-term transplantation
of CD34+ hematopoietic stem and progenitor cells (HSPCs) in patients

suffering from acute lymphoblastic leukemia and HIV infection.!311 A

similar study demonstrated the reactivation of fetal hemoglobin in
two patient transplanted with CRISPR-Cas9 edited CD34+ HSPCs
by targeting BCL11A erythroid specific enhancer (NCT03655678 and
NCT03745287).132]

3 | ROLE OF CRISPR-CAS IN CANCER THERAPY

3.1 | CRISPR-Cas-based screening for
cancer-related candidates

CRISPR has been used successfully to find actionable targets in can-
cer drug discovery. Several high-throughput genetic screening exper-
iments with CRISPR have been conducted in a variety of cell types.
Furthermore, genome-wide lentiviral CRISPR libraries have been pro-
duced in high throughput settings. Several readings were used in these
screening studies as follows: (i) sgRNA from key genes or genes used as
therapeutic targets will be minimally expressed in the library because
they lead to undesirable growth and (ii) sgRNAs targeting tumor sup-
pressors will be in the library because they have growth advantages.
Cells carrying sgRNA genes that alter drug sensitivity will be selected
or exhausted during drug treatment depending on whether the tar-
get gene is favorable or unfavorable. Additionally, antitumor immune
response elements, such as T-cell effector or TNF signaling activi-
ties, can be investigated and all relations between various elements
in the regulatory network can be delineated. Along with genome-scale
screening, specific sgRNA libraries can be implemented, such as kinases
involved in epigenetic regulation.

Recent screening studies on two types of libraries to identify
multiple therapeutic agents, such as BRAF inhibitor (vemurafenib),
MEK inhibitor (trametinib), ALK inhibitor (crizotinib), EGFR inhibitor
(erlotinib), and ATR inhibitor (AZ-20) have been investigated.!33:34]
These investigations identified new candidate genes linked to drug
resistance. For instance, KEAP1 depletion promotes MEK inhibition
resistance. In another recent studies published by Lee et al. scanned
431 patients with for WWP1 germline variants at early-onset colon
cancers without PTEN germline mutation. They further established
gain-of-function in vitro and in vivo murine models to characterize
WWHP1 variants using CRISPR-Cas9 system. The study confirmed the
function of WWP1 as a cancer susceptible gene in patients without
PTEN germline mutation.!3%]

Although, many CRISPR tools are successful, this application still has
some challenges. First, next-generation sgRNA libraries are required to
increase CRISPR screening accuracy. Recently, new tools for improving
sgRNA design have been developed, and sgRNA lentiviral libraries with
better efficiency and less off-target activity have been produced. Sec-
ond, aberrant copy numbers of the genome in CRISPR screening inves-
tigations might result in misleading positive outcomes. In comparison
to sgRNAs that target genes away from these regions, sgRNAs target-
ing genes with multiple copies might produce replication pressure and
G2/M cell cycle arrest because of induced DNA damage. We anticipate
that by addressing these issues, CRISPR-based detection technology

will continue to increase our insights into cancer maintenance-related
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genes in a single tumor, opening the path to discover novel therapeutic
targets.

3.2 | Cancer immunotherapy

Cancer immunotherapy, a therapeutic method in which highly specific
and potent immune responses are generated against a wide range of
cancers, is an emerging field of cancer therapeutics.[3¢] Cell repro-
gramming is facilitated by basic mechanisms of immune regulation
response and immune cell function, combined with genome-editing
tools. Immune response modulation via monoclonal antibodies and
adaptive cellular therapy has yielded unprecedented responses in oth-
erwise fatal advanced-stage tumors.[37! Despite recent advancements
inimmunotherapy, treatment efficiency varies across cancer subtypes.
However, CRISPR-Cas-mediated genetic manipulation along with con-
ventional methods have improved the efficacy of immunotherapy and

facilitated discovery of novel immunotherapeutic strategies.

3.2.1 | Immune checkpoint blockades against cancer
immunotherapy

The antibody-mediated blockade of immune checkpoint molecules in
cancer elicits potent T-cell responses against cancer cells.[38! CRISPR-
based loss-of-function screens have identified various genes that reg-
ulate immune responses in humans. Immune checkpoint regulation has
improved response to immunotherapy. CRISPR-Cas9-mediated dis-
ruption of immunomodulatory regulators, such as programmed cell
death protein-1 (PD-1), programmed death ligand 1, cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4), major histocompatibility
complex (MHC) class |, and CD47 can affect specific immune check-
points or control immune response, thereby revealing new poten-
tial therapeutic approaches.[3?! Immune checkpoint disruption by tar-
geting genes on tumor cells and T-cells is a safer approach then
targeting systemic administration blockade antibodies.[?] Ongoing
CRISPR-Cas9%-based clinical trials aim to generate allogenic univer-
sal T-donor cells by disrupting PD-1 in autologous T-cells for blad-
der cancer (NCT02863913), renal cell carcinoma (NCT02867332),
and prostate cancer (NCT03867345) or by simultaneous knockout of
PD-1 and CTLA-4. Recent studies have hypothesized reversible tran-
scriptional repression of surface expression of MHC class | via poly-
comb repressive complex 2 (PRC2). The pharmacological inhibition of
EZH2 by tazemetostat and CRISPR-Cas9-mediated disruption of EED2
and SUZ12, the components of PRC2, resulted in increased surface
expression of MHC class | and cytotoxic T-cell response.l41] The lat-
est advances in immunotherapy and CRISPR-Cas9-mediated genetic
screening have demonstrated good predictive value for other immune
checkpoint blockade targets, such as lymphocyte-activation gene 3
(LAG-3), T-cell membrane protein 3 (TIM-3), CD40, T-cell antigen 4-
1BB homologue (4-1BB), OX40, and glucocorticoid induced TNFR-
related protein (GITR). Various studies have argued for integration of

pharmacological interventions and the CRISPR-Cas9 system for T-cell-

mediated anticancer therapy. However, it is important to gain detailed
knowledge about molecular mechanisms involved in immune check-
point regulation, transcriptional and translational control of signal-
ing pathways, and off-target effects during novel therapeutic strategy
development.

3.2.2 | Engineering T-cells for cancer
immunotherapy

A second-line immunotherapeutic approach involves use of adoptive
T-cell therapy including chimeric antigen receptor T-cells (CAR-T), T-
cell receptor T-cells (TCR-T), and tumor-infiltrating lymphocytes to cre-
ate a robust and specific antitumor immune response.[42] The field
of T-cell immunoengineering involves a novel immune cell modifica-
tion approach targeting TCRs or CARs along with immunosuppressive
genes and epigenetic enzymes with the CRISPR-Cas9 system to over-
come cell therapy limitations.[2] The engineered T-cells expressing
TCRs with specificity to tumor-associated antigen, when transplanted
in patients, can generate a more potent and powerful immune response
to overcome an inhibitory tumor environment. Preclinical studies of
CRISPR-Cas9-edited T-cells have shown high efficacy and low toxicity,
encouraging first-in-human clinical trials of CRISPR-Cas9-edited anti-
NY-ESO-1 TCR-T cells harboring endogenous TCR and PD-1 genetic
disruption to treat multiple myeloma, melanoma, and synovial sar-
coma patients (NCT03399448; NCT01967823; NCT02869217).14243]
Because engineered TCR-T cells can virtually display any type of tumor-
associated intracellular peptides, TCR-T cell-based therapy exclusively
targeting large pools of neoantigens (produced because of mutations
only in cancer cells) may be a safe and effective resource for personal-
ized cancer immunotherapy. Thus, adoptive cell therapy using a cocktail
of neoantigen TCR-T cells in combination with CRISPR screens may be
an effective immunotherapeutic option.

Among adoptive cell-based therapies, engineered CAR-T cells have
been successful for treating cancer cells. The main difference between
CAR-T cell-based therapy and TCR therapy is that CAR-T uses single
chain variable fragments targeting either a variable heavy chain and a
light chain domain of an antibody (first generation CAR-T cells) or cos-
timulatory receptors (second and third generation CAR-T cells) to tar-
get extracellular antigen independent of MHC restrictions.[44] CAR-
T-cell-mediated cancer interventions have shown promising results in
various clinical trials. Since its first approval in 2017, anti-CD19 CAR-
T-cell-based clinical trials for treating acute lymphoblastic leukemia
(NCT03366350; NCT02546739), B-cell lymphoma (NCT03366350;
NCT03448393), leukemia (NCT02546739), and non-Hodgkin lym-
phoma (NCT03467256) have been approved.[*5! The application of
CRISPR-Cas system in various ongoing anticancer clinical trials is
shown in Table 2. Meanwhile, a series of CAR-T-cells targeting an array
of antigens, such as BCMA, CD133, CD22, CD33, and HER2, have
demonstrated profound effects in clinical settings.[¢! However, long-
term treatment appeared resistant to CAR-T cell therapies. Therefore,
further characterization and evaluation of CAR signaling are needed to

elicit a powerful immune response.[47]
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TABLE 2 Application of CRISPR-Cas system in anticancer clinical trials (www.clinicaltrials.gov)

Clinical trial
number

NCT03545815

NCT04426669

NCT04035434

NCT03081715

NCT04976218

NCT02793856

NCT04037566

NCT04767308

NCT03044743

NCT04637763

Title of the study

Study of CRISPR-Cas9
mediated PD-1 and TCR
gene-knocked out
mesothelin-directed
CAR-T cells in patients
with mesothelin positive
multiple solid tumors

A study of metastatic
gastrointestinal can-
cers treated
with tumor infiltrating
lymphocytes in which the
gene encoding the
intracellular immune
checkpoint CISH is
inhibited using
CRISPR genetic
engineering

A safety and efficacy study
evaluating CTX110in
subjects with relapsed or
refractory B-cell malig-
nancies (CARBON)

PD-1 knockout engineered
T cells for advanced
esophageal cancer

TGFpr-KO CAR-EGFRT
cells in advanced biliary
tract cancer

PD-1 knockout engineered
T cells for metastatic
non-small cell lung cancer

CRISPR (HPK1) edited
CD19-specific CAR-T
cells (XYF19 CAR-T cells)
for CD19+ leukemia or
lymphoma.

Safety and efficacy of
CT125A cells for
treatment of
relapsed/refractory
CD5+ hematopoi-
etic malignancies

PD-1 knockout EBV-CTLs
for advanced stage
Epstein-Barr Virus (EBV)
associated malignancies

CRISPR-edited allogeneic
anti-CD19 CAR-T cell
therapy for
relapsed/refractory b cell
non-hodgkin lymphoma

Cancer type

Mesothelin positive solid
tumors

* Gastrointestinal cancer
* Colorectal cancer

* Pancreatic cancer

* Bladder cancer

* Esophageal cancer

* Stomach cancer

* B-cell malignancy

* Non-Hodgkin lymphoma
* B-cell lymphoma

* adult B cell ALL

Esophageal cancer

Advanced biliary tract cancer

Metastatic non-small cell lung
cancer

* Lymphocytic acute leukemia
(ALL)

* B-cell Lymphoma

* CD19 + B-cell lymphoma

* Chronic lymphocytic
leukemia

* Mantle cell ymphoma

* Diffuse large B-cell
lymphoma

* Follicular lymphoma

* Peripheral T-cell lymphomas

* Gastric carcinoma

* Nasopharyngeal carcinoma

* T-celllymphoma

* adult Hodgkin lymphoma

 Diffuse large B-cell
lymphoma

* Non-Hodgkin lymphoma
* B-cell lymphoma

Drug interventions

anti-mesothelin CAR-T cells

* Cyclophosphamide

* Fludarabine

e Aldesleukin

* Tumor-infiltrating
lymphocytes(TIL)

CTX110

PD-1 knockout T cells

TGFBR-KO CAR-EGFR T cells

CyclophosphamidePD-1
knockout T cells

* XYF19 CAR-T cell
* Cyclophosphamide
* Fludarabine

e CT125Acells
* Cyclophosphamide
* Fludarabine

* Fludarabine
* Cyclophosphamide
e Interleukin-2

« CB-010
¢ Cyclophosphamide
* Fludarabine

90f 13
JournaIJ—

Status

Recruiting

Recruiting

Recruiting

Completed

Not yet
recruiting

Completed

Recruiting

Not yet
recruiting

Recruiting

Recruiting

(Continues)
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TABLE 2 (Continued)
Clinical trial
number Title of the study Cancer type Drug interventions Status
TT52CAR19 therapy for * B-cell acute lymphoblastic PBLTT52CAR19 Recruiting
NCTO04557436 B-cell acute leukemia
lymphoblastic leukemia
(B-ALL)
A feasibility and safety * B-cell leukemia Universal dual specificity Recruiting
NCT03398967 study of universal dual * B-cell lymphoma CD19 and CD20 or CD22
specificity CD19 and CAR-T cells
CD20or CD22 CAR-T cell
immunotherapy for

relapsed or refractory
leukemia and lymphoma

Although, adoptive cell therapy focuses on autologous T-cell trans-
plantation owing to MHC restrictions, elimination of MHC by genetic
engineering in allogenic “universal T-cells” provides immunological
advantages over developing resistance to immunotherapy. Use of
CRISPR-Cas9 to target MHC and related genes in universal CAR-T
cells derived from healthy donors can overcome immunological defects
associated with cancer treatment.[48! Torikai et al. first reported use
of gene-editing technology to generate CD19-specific CAR-T cells with
deletions in endogenous TCR.[4?1 Another recent study demonstrated
that exogenous expression of HLA-E in MHC class-I-deficient univer-
sal CAR-T cells could prevent NK-cell-mediated immune rejection.[50!
Elimination by gene editing of immunosuppressive genes like CTLA-
4 and PD-1 or CAR targets expressed on T-cells may also pre-
vent toxicity and transplantation efficiency associated with CAR
immunotherapy.[!] Taken together, these studies demonstrate that
CRISPR-Cas9-mediated gene editing is a crucial tool for discover-
ing potential drug targets involved in immune checkpoints and T-
cell-mediated therapy, yielding a new potential paradigm for cancer-
immunity therapeutics.

4 | CONCLUSION AND FUTURE PERSPECTIVES

In summary, use of CRISPR-Cas-mediated genome editing has allowed
genetic manipulation in previously intractable cells and organisms.
Although scientists use RNAI technology in either pooled or arrayed
formats for several applications. Both CRISPR and RNAi-based tech-
niques offer advantages and potential limitations that should be
assessed based on the biology of the genes under investigation. The
genome-wide pooled CRISPR library has the ability to strengthen neg-
ative selection CRISPR screening and offer value across the drug devel-
opment process. However, one of the major drawbacks of CRISPR
screening is heterogeneity. The prevalence of in-frame indels, which
create wild-type and heterozygous subpopulations and have been
reported to interfere with screening results, is one possible source of
this variability.

Current use of both viral and non-viral-based vectors has allowed

successful delivery of genetic engineering machinery in almost all types

of cells, including hESCs. In particular, use of patient-derived cells and
animal models to generate a precise mammalian model system in com-
bination with functional genomics has helped unravel cellular mecha-
nisms and support discovery of novel drug targets. Furthermore, use
of ever-expanding patient-derived organoid biobanks has helped to
establish a representative collection of diverse cancer subtypes, whose
use in a systematic drug discovery pipeline has enabled researchers to
determine drug effects in similar tumor subtypes.[52]

The recent enhancement of homologous recombination methods
and identification of Cas9 homologues or base editors have further
reduced off-target effects and improved genome-editing precision.
Improvements in CRISPR-Cas-aided high-throughput drug screening,
disease modeling, testing, and validation will further allow acceleration
and improvement of the drug discovery process. CRISPR-Cas-based
therapeutic approaches will be key in next-generation translational
drug discovery and futuristic medicine. CRISPR screening has more
specificity to its genetic target than previous methods like RNA inter-
ference, which means we can get a lot accurate output. We can target
the endogenous gene at the transcriptional start point using CRISPRi
and CRISPRa tools. This enables us to change the genetic expression in
the cellular state, providing us with greater biological data. The rate at
which CRISPR has accelerated clinical research is astounding.
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