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PRECISION BIOSCIENCES ARCUS Gene Editing

WHITE PAPER

ARCUS® Shows Promise for In Vivo and 
Ex Vivo Therapeutics
Over time, the cost of DNA analysis technologies has dropped 

drastically, making them accessible to the entire life sciences 

community and allowing for the identification of pathogenic 

genetic variants with remarkable speed and accuracy.1-3 

With each new discovery, there is increased interest and 

rapid investment in gene editing as a clinical intervention to 

potentially treat or even cure diseases.2,4 Some early results 

have given hope for a new approach to diseases that have long 

been considered incurable.2,5

Unfortunately, gene editing is much more challenging to 

accomplish in the clinic than in the laboratory.4 There are a 

number of challenges associated with making targeted edits 

for both in vivo (DNA edited within a patient) and ex vivo 

(DNA edited in cells that are then transplanted into a patient) 

therapeutics. Consistently achieving the appropriate edit  

(ie, deletion, insertion, or repair) in the desired target tissue and 

achieving a lasting response without introducing consequential 

off-target effects are among the major hurdles this field needs 

to overcome for gene editing to earn its place as a proven 

therapeutic option.6 These challenges have continued across 

decades of innovation in gene-editing techniques, including 

zinc-finger nucleases (ZFNs), transcription activator–like effector 

nucleases (TALENs), and clustered regularly interspaced short 

palindromic repeats (CRISPR).7

The ARCUS gene-editing platform was conceived by Derek 

Jantz, PhD, and Jeff Smith, PhD, more than 15 years ago and 

became the foundation for Precision BioSciences, Inc., when 

the company was founded in 2006. Based on a naturally 

occurring gene-editing enzyme from the homing endonuclease 

(also referred to as meganuclease) family, ARCUS nucleases 

have a unique set of traits optimal for clinical gene editing. The 

utility and efficacy of the ARCUS platform have been validated 

through extensive preclinical in vivo studies in large animal 

models and encouraging results observed in clinical trials 

evaluating ex vivo manufactured allogeneic chimeric antigen 

receptor (CAR) T-cell therapies.

Gene editing in brief
Each approach for gene editing has been geared toward finding 

a reliable way to target a gene at a precise location and edit the 

DNA sequence.8 Most gene-editing technologies, including ZFNs, 

TALENs, homing endonucleases, and CRISPR, accomplish this by 

generating a DNA double-strand break repair at a target 

sequence. During repair of the break, the target DNA can be 

removed  and/or DNA can be added. 

For therapeutic purposes, gene editing can be performed in vivo 

or ex vivo.9 In vivo editing involves introducing genome-editing 

components directly into a patient so that the gene-editing 

process occurs within that patient’s cells.10 This is a promising 

approach to correcting genetic or infectious diseases.4,11 In 

contrast, ex vivo editing involves taking cells from a patient or 

donor, genetically altering them, and transplanting the modified 

cells into the patient.10 This approach is useful for applications 

in fields such as immuno-oncology, where immune cells are 

genetically programmed to recognize and kill cancer cells and 

are then transplanted into the body to target the cancer. 

Although vast improvements have been made to  

gene-editing technologies over the years, they still face a 

number of challenges, including imprecise editing at the target 

site (due to mixed modes of DNA double-strand break repair), 

delivery of and immunity against gene-editing components, and 

long-term safety.9,12,13 One of the biggest concerns for all current 
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gene-editing platforms, however, is the potential for off-target 

gene editing, which occurs when the site-specific nuclease binds 

to and alters an unintended genomic location.9,12 This can occur 

when there are sites with closely related sequences that differ 

by only a few base pairs, making it challenging for the system to 

differentiate between the target site and the similar unintended 

site.9,14 Different gene-editing technologies have varying abilities 

to discriminate between these closely related sites.4 This has 

clinical implications because off-target editing may interfere 

with normal gene function (via insertions, deletions, and/or 

chromosomal rearrangements, including translocations)  

and/or lead to the expression of tumor-promoting genes; 

therefore, challenges with both nuclease specificity and the 

ability to detect off-target edits must be resolved before gene 

editing can be used as a mainstream therapeutic application.9,15

The ARCUS difference: precision, versatility,  
and delivery
The ARCUS gene-editing platform is based on a naturally 

occurring gene-editing nuclease called I-CreI (pronounced 

I-Crē-I), which comes from the alga Chlamydomonas 

reinhard ii.16 Unlike bacterial CRISPR enzymes, which in their 

natural state cut frequently to evade viruses, I-CreI evolved in 

nature to perform a single, highly specific DNA edit.17,18 Each 

ARCUS nuclease is generated through an iterative protein-

engineering process to optimize on-target binding and cutting 

activity while minimizing off-target editing. The proteins’ DNA-

binding site is customizable to prevent the cutting of similar off-

target sequences, including sequences that differ by only 1 base 

from the intended site. Additionally, the cutting activity can be 

customized to match the type of delivery, the concentration, and 

the amount of time that the nuclease is active in the cells.

Precision
ARCUS nucleases have a number of inherent traits that make 

them promising tools for targeted, precise, and safe  

gene-editing therapeutic applications. Most importantly, they 

have a high degree of specificity that minimizes the cutting of 

off-target sites in the genome.19,20 This is partly because they 

recognize a long, 22-base DNA sequence to home in on the 

correct sequence at the target site.7,19 The high specificity of 

ARCUS nucleases may also be due to the structure and location 

of the nuclease and DNA-binding domains. Unlike many 

competing technologies, such as ZFNs and TALENs, which are 

fusions of separate DNA-binding and -cutting domains, the 

ARCUS nuclease cutting domain is integrated into the  

DNA-binding domain. ARCUS nucleases, like other technologies, 

are able to discriminate against many off-target sites by having 

tighter binding affinity for the correct site. The close integration 

of the cutting and binding functions provides ARCUS nucleases 

with the added advantage that binding the correct target site 

causes a conformational change that allows cutting. Other 

technologies may not be able to differentiate binding sites with 

sequences that are only different by 1 base; however, the added 

conformational change that is unique to ARCUS nucleases 

reduces the likelihood of cutting these off-target sites. 

Snapshot: in vivo gene editing for primary 
hyperoxaluria type 1
One gene-editing program wholly owned by Precision 
BioSciences, Inc., focuses on the treatment of primary 
hyperoxaluria type 1 (PH1), a disease caused by mutations 
in the glycine biosynthesis pathway that results in the 
buildup of oxalate, a toxic metabolite that can cause a 
severe and potentially fatal accumulation of kidney and 
urinary tract stones.44,45 Targeting the well-validated HAO1 
(hydroxyacid oxidase 1) gene has been shown to result in 
an accumulation of glycolate, a nontoxic soluble metabolite 
that is easily excreted, instead of oxalate.46 Lumasiran 
(Alnylam Pharmaceuticals Inc.), a small interfering RNA that 
targets HAO1 mRNA, was Food and Drug Administration 
approved in November 2020 for the treatment of PH1.47,48 
The therapy requires 3 up-front loading doses administered 
once monthly followed by maintenance doses administered 
once every 1 to 3 months depending on body weight.47

In preclinical studies, Precision BioSciences has 
administered an HAO1-specific ARCUS nuclease via an 
adeno-associated virus vector to nonhuman primates. 
The single treatment led to a 98% reduction in HAO1’s 
resulting protein (glycolate oxidase) as well as higher levels 
of glycolate in serum (80 μM with ARCUS treatment versus 
<20 μM with the control). This indicates that knockdown 
of HAO1 with ARCUS may be a potential single-dose 
treatment option for patients with PH1 as opposed to 
siRNA therapy, which requires periodic redosing.
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Versatility
Another key differentiator between the ARCUS gene-editing 

platform and competing technologies is the type of cut made by  

ARCUS nucleases. After cleaving its target site, an ARCUS 

nuclease leaves behind a pair of 3’ sticky ends, each consisting of 

4 bases (Figure 1).20 These sticky ends can be repaired by a  

high-fidelity process called homology-directed repair (HDR), 

which uses a DNA template to accurately repair the DNA 

break.20,21 In contrast, other gene-editing technologies, such as 

CRISPR and ZFNs, require additional processing of the DNA ends 

for HDR and more often use nonhomologous end joining (NHEJ) 

to repair DNA breaks, which is a method that is more likely 

to introduce errors and potentially knock out the gene.13,20,21 

However, if the 4-base 3’ sticky ends created by ARCUS are 

repaired via NHEJ, they are more likely to be correctly put back 

together; this is an important safety feature that makes it less 

likely that a mutation will be introduced if an off-target site is 

cut.22

Delivery
Compared with some other gene-editing technologies, an 

ARCUS nuclease is relatively small (~1.1 kilobases [kb] and  

~360 amino acids), making it possible to deliver via lipid 

nanoparticles or by a single gene therapy vector, such as an 

adeno-associated virus (AAV) , which has a packaging capacity 

of ~4.4 kb.20,23-26 Some other gene-editing tools, including many 
CRISPR systems, base editors, and prime editors, are too large 
to fit into a single AAV vector.27-29 In some cases, elements of the 
tool can be split into multiple vectors; however, this can limit 
successful delivery of the system because each cell must receive 
all vectors for the edit to occur.

FIGURE 1: ARCUS GENE EDITING PLATFORM 

1) The ARCUS nuclease scans DNA for the target site. 2) The ARCUS nuclease binds to the target site. 3) The target DNA sequence is cut,
creating a “sticky” 4-base 3’ overhang. 4) The cut target site is repaired via HDR or NHEJ. If a template DNA sequence is supplied, the DNA
can be precisely repaired or altered (including gene insertion) via HDR. Without a template DNA sequence, the “sticky” ends are repaired
via NHEJ; however, this process can lead to insertions and/or deletions, both of which can lead to gene disruption.

HDR, homology-directed repair; NHEJ, nonhomologous end joining.
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Snapshot: in vivo gene editing to lower 
cholesterol
In collaboration with scientists at the University of 
Pennsylvania, Precision BioSciences, Inc., developed an 
ARCUS nuclease capable of inactivating PCSK9, a gene 
that regulates the levels of low-density lipoprotein 
(LDL) cholesterol by preventing removal of excess LDL 
in the liver.49,50 The PCSK9-specific ARCUS nuclease was 
administered to nonhuman primates and effects on PCSK9 
and LDL levels were evaluated.31 Following treatment, the 
animals experienced up to an 84% drop in PCSK9 levels, 
which was associated with up to a 60% reduction in serum 
LDL. Three years later, these animals still exhibited lower 
LDL levels, indicating that the effects of the one-time 
treatment may be permanent.23 Furthermore, at this longer 
follow-up, stable gene editing was maintained without any 
obvious adverse effects.50 This project provided the first 
peer-reviewed validation of clinically relevant gene editing 
in large animal models.
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Application: in vivo editing to target a  
patient’s genes
Precision BioSciences has shown early preclinical success in 
several large animal models for different genetic conditions, 
including primary hyperoxaluria type 1 (PH1),30 chronic 
hepatitis B virus (HBV),25 familial hypercholesterolemia,23,31 
familial amyloid polyneuropathy/cardiomyopathy,32 autosomal 
dominant retinitis pigmentosa,33 and lipoprotein lipase 
deficiency. Please see the snapshots throughout for more 
information on these programs.

Application: Creating “off-the-shelf” CAR T-cell 
therapies for cancer
Unlike in vivo gene-editing technologies, cell therapies can 
be created using ex vivo editing, which has a number of 

advantages, including fewer delivery challenges, less concern 
with off-target editing in other cells of the body, and the ability 
to screen for successful editing prior to administration.10,34 

CAR T-cell therapy is a type of cell therapy that uses T cells that 
have been manipulated to express cell-surface CARs, which 
enable the T cells to recognize and attack specific cancer cells.35 
Autologous CAR T-cell therapies, which use a patient’s own cells, 
are programmed to produce CARs using viral vectors, and a 
number of therapies have been Food and Drug Administration 
(FDA) approved in several relapsed or refractory (r/r) hematologic 
malignancies.36 While these treatments have expanded options 
for these patients, autologous CAR T-cell therapies have some 
limitations. First, because the cells are taken from the patient, 
the extraction, manufacturing, and shipping time can take 
weeks, increasing the time a patient must wait to receive 
treatment, which is especially problematic for patients with 
aggressive cancers who are at risk of clinical deterioration 
that could make them ineligible for CAR T-cell treatment.37-39 
Second, some patients eligible for CAR T-cell therapy have 
already received multiple treatments that can leave them with 
few functioning T cells with proliferative capacity, making it 
challenging or unfeasible to manufacture enough CAR T cells for 
treatment. While not without their own challenges, “off-the-
shelf” allogeneic CAR T-cell therapies, which use healthy donor 
cells, have the potential to overcome these issues by providing a 
readily available and higher-quality product.37,38 Currently, there 
are no FDA-approved allogeneic CAR T-cell treatments; however, 
Precision BioSciences has made significant progress developing 
several product candidates for ex vivo applications. 

One of the main concerns with allogeneic cell therapies is the 
potential for graft-versus-host disease (GvHD), which is when the 
genetically modified cells recognize the patient’s cells as foreign 
and attack them.38,39 Precision BioSciences has successfully 
circumvented this issue by developing a single-step gene-editing 
approach in which the endogenous T-cell receptor (TCR) is 
knocked out while a CAR coding sequence is knocked in. The TCR 
knockout prevents CAR T cells from recognizing the patient’s 
cells as foreign, while CAR expression enables targeting of the 
cancer cells.

Researchers at Precision BioSciences have designed several 
allogeneic CAR T-cell product candidates using ARCUS gene 
editing that are currently being investigated in clinical trials. 

Snapshot: in vivo gene editing for chronic 
hepatitis B virus
Precision BioSciences, Inc., has developed and optimized 
a sequence-specific ARCUS nuclease that targets hepatitis 
B virus (HBV) covalently closed circular DNA (cccDNA), and 
genome-integrated HBV DNA, in vivo.25 After HBV enters the 
nucleus, it undergoes a repair process and is converted to 
cccDNA that encodes HBV proteins needed for the viral life 
cycle. Current HBV therapies are unable to target cccDNA, 
thereby requiring lifelong treatment. Precision BioSciences’ 
gene-editing approach is designed to use an ARCUS nuclease 
to delete persistent cccDNA and inactivate integrated 
hepatitis B genomes.

In an in vitro analysis using HBV-infected human 
hepatocytes, ARCUS nuclease treatment led to an 80% 
reduction in extracellular HBV DNA. It also resulted in 
a 77% reduction in secreted hepatitis B surface antigen 
(HBsAg), a major viral component of the envelope for 
infectious HBV particles that is thought to contribute to 
chronic immune dysfunction in patients. Sustained loss of 
HBsAg is considered an important clinical endpoint for HBV 
therapies and therefore a key parameter associated with 
functional cure. The ARCUS nuclease was also tested in vivo 
using an adeno-associated virus (AAV) vector containing 
a partial HBV sequence (surrogate for cccDNA) in mouse 
and nonhuman primate (NHP) animal models. In mice, 
treatment with the ARCUS nuclease significantly decreased 
AAV copy number and reduced HBsAg serum levels by 
96%. In NHPs, there was no change in AAV copy number; 
however, there was a significant reduction in liver HBsAg.
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The lead program is a phase 1/2a clinical trial evaluating 
PBCAR0191 (NCT03666000), Precision BioSciences’  
first-generation allogeneic CAR T-cell therapy, in patients with 
CD19+ non-Hodgkin lymphoma and B-cell acute lymphoblastic 
leukemia. Early results have shown that CAR T cells modified by 
ARCUS have the ability to expand in vivo, a key activity associated 
with the clinical outcome of CAR T-cell therapies, and induce 
a response in the majority of patients.40 Please see “Snapshot: 
allogeneic CAR T cells for CD19+ blood cancers” for more details.

In addition to GvHD, another concern with allogeneic CAR T cells 
is rapid elimination of the cells by the patient’s immune system 
due to recognition of the cells as foreign.38 PBCAR19B is Precision 
BioSciences’ next-generation allogeneic CAR T-cell therapy that 
aims to extend CAR T-cell persistence by evading the patient’s  
T cells and natural killer (NK) cells. This stealth-cell strategy builds 
on the company’s base CAR T-cell platform and incorporates 
a short hairpin RNA that reduces, but does not completely 
eliminate, expression of β2-microglobulin (B2M), a key component 
of major histocompatibility complex (MHC) class I molecules on 
the cell surface that are recognized as foreign by a patient’s  
T cells.38 Precision BioSciences uses this B2M knockdown 
approach because a complete knockout of MHC class I molecules 
would make allogeneic CAR T cells more susceptible to a host NK 
cell attack,41 whereas a reduction can reduce host T-cell responses 
without promoting an NK cell attack. The PBCAR19B stealth 
vector also carries an HLA-E gene, which further inhibits NK cell 
activation.38 A phase 1 clinical trial of PBCAR19B (NCT04649112) 
is now enrolling patients with CD19+ B-cell malignancies treated 
with at least 2 prior standard regimens.

Looking ahead
As ARCUS-based preclinical and clinical studies move forward, 
the path toward incorporating gene editing for reliable medical 
use seems more promising than ever. Preclinical results from 
ARCUS gene editing offer the potential of cures through 
single gene-editing treatments and strong cancer-fighting 
responses facilitated by powerful cell therapies. Furthermore, 
data generated so far indicate that the ARCUS gene-editing 
platform, developed through over 15 years of dedicated 
research, could be more effective for clinical applications than 
other gene therapy techniques. In the future, this approach 
has the potential to help clinicians and their patients confront a 
wide range of medical challenges ranging from various genetic 
diseases or conditions to cancer.

Snapshot: allogeneic CAR T for CD19+  
blood cancers
Precision BioSciences, Inc., is evaluating PBCAR0191,  
an allogeneic chimeric antigen receptor (CAR) T-cell  
therapy that targets CD19+ cells, in a nonrandomized,  
open-label, phase 1/2a dose-escalation and  
dose-expansion trial of patients with relapsed or 
refractory CD19+ non-Hodgkin lymphoma (NHL) or B-cell 
acute lymphoblastic leukemia (ALL) who received at 
least 2 prior therapies (NCT03666000).42 Early results 
demonstrated antitumor activity and a well-tolerated 
safety profile, including no evidence of graft-versus-host 
disease, in both cohorts of patients administered an 
enhanced lymphodepletion (eLD) regimen (high dosages 
of fludarabine and cyclophosphamide).40 A single dose 
of PBCAR0191 cells following eLD resulted in a clinical 
response in the majority of patients at day 28, with overall 
response rates of 85% in patients with NHL and 80% with 
B-cell ALL; complete response (CR) rates were 62% and 
80%, respectively. Additionally, patients saw improved 
peak cell expansion with eLD vs standard lymphodepletion 
(LD). An earlier analysis of the study also found that the 
median interval from confirmation of eligibility to the start 
of LD was 1 day, reinforcing the potential feasibility of rapid 
delivery of an off-the-shelf allogeneic cell therapy in 
high-risk patients.43

A subgroup analysis of this study found a notable benefit 
among 11 patients who received prior autologous CAR 
T-cell therapy. All patients had a response, 8 (73%) of 
whom had a CR. Furthermore, half of patients had a 
durable response rate >6 months. As a result of these data, 
additional patients who relapse on autologous CAR T-cell 
therapy are being actively enrolled in the study. Given that 
there are currently no Food and Drug Administration–
approved treatments for patients with lymphoma who 
have relapsed following autologous CAR T-cell therapy, 
PBCAR0191 has the potential to become a salvage therapy 
for this patient population.
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