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ABSTRACT

CRISPR-based therapeutics have entered clinical trials but no methods to inhibit Cas enzymes have been demonstrated in a clinical setting. The ability to inhibit
CRISPR-based gene editing or gene targeting drugs should be considered a critical step in establishing safety standards for many CRISPR-Cas therapeutics. Inhibitors
can act as a failsafe or as an adjuvant to reduce off-target effects in patients. In this review we discuss the need for clinical inhibition of CRISPR-Cas systems and three
existing inhibitor technologies: anti-CRISPR (Acr) proteins, small molecule Cas inhibitors, and small nucleic acid-based CRISPR inhibitors, CRISPR SNuBs. Due to
their unique properties and the recent successes of other nucleic acid-based therapeutics, CRISPR SNuBs appear poised for clinical application in the near-term.

1. Introduction

Clustered, regularly interspaced short palindromic repeats (CRISPR)
and their associated (Cas) proteins constitute a nuclease-mediated ac-
quired immune system against phage infection in non-eukaryotes. These
mechanisms, particularly the RNA-guided endonucleases responsible for
digesting invading phage DNA, have been co-opted over the past several
years as biochemical tools [1-10]. After a double-stranded break is
induced in a living cell by a Cas endonuclease, it can primarily be
repaired in two ways [11]. Non-homologous end-joining (NHEJ), the
dominant repair pathway, ligates the ends of the break together, often
causing short indels that can result in frameshift mutations and conse-
quently knockout of protein-coding genes. The other pathway,
homology-directed repair (HDR), uses a homologous DNA sequence for
precision repair. Thus, precise insertion or deletion of sequences into the
genome can be achieved by providing homologous DNA donor se-
quences during gene editing. More recently, it has been shown that a
number of mutations following cleavage by Cas endonucleases can also
be attributed to microhomology-mediated end-joining [12]. This
pathway can be exploited in a manner similar to HDR but incorporates
sequences with short homologies to the target DNA [13]. Owing to their
easily programmable nature, Cas enzymes, particularly Streptococcus
pyogenes (Sp)Cas9, have made an impact on food production [14],
pathogen management [15], development of model systems for research
[16], and genome engineering technologies [3].

More recently, CRISPR has made its way into the clinic. It is being

developed for ex vivo and in vivo gene therapies to treat genetic disorders
of the eye [17], HIV [17], sickle cell disease [18], and cancer [19-28].
The very first clinical trial testing the safety of CRISPR-based therapy in
humans modified patient T-cells to create double knockouts of PD-1, an
immune checkpoint protein often exploited by cancer cells to evade the
immune system [29]. The ex vivo modified T-cells were then infused into
the patients to be observed for adverse events. It was recently reported
that CRISPR-Cas9 had been safely used to edit patient T-cells ex vivo in
order to knockout endogenous T-cell receptor proteins and PD-1 [30].
Edited cells were found to be persistent in each patient for up to nine
months after infusion. The persistence, low off-target editing, and
absence of any significant negative response to treatment in this early
clinical study provides some confidence for clinical CRISPR applications
moving forward. Another trial modified hematopoietic stem and pro-
genitor cells from a patient with HIV and lymphocytic leukemia to knock
out the CCR5 gene, which encodes a receptor important for HIV entry
into cells [31]. A CRISPR-based treatment for sickle cell disease being
developed by CRISPR Therapeutics, CTX001, began trials in 2018 [32].
Although each of these is an example of early-phase clinical trials, they
present a clear indication that CRISPR-based medicines are on the
horizon.

2. Why inhibit CRISPR-Cas?

Amid the excitement and progress in CRISPR research and thera-
peutic development it may not be immediately obvious why inhibiting
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Cas proteins is desirable. However, inhibition is vital to the responsible
use of CRISPR. It is becoming increasingly clear that CRISPR will impact
disparate and possibly unforeseen aspects of our day-to-day life,
including our environment [33], our food [34], and our health [35-39].
Thus, there emerges a potential need for kill-switch inhibitors that can
directly and completely disable CRISPR-Cas systems in a variety of
contexts. For therapeutic development, possibly even FDA approval of
certain CRISPR-based drugs, the development of an easily deliverable
inhibitor to stop activity may become essential. Many approved drugs
have an antidote that can be administered in the event of accidental
misuse or to alleviate side effects, such as vitamin K and prothrombin
complex concentrate for anti-coagulants like warfarin [40] or protamine
sulfate for heparin [41]. Importantly, these drugs have relatively short-
lived effects on the body, whereas the effect of CRISPR is permanent,
making the availability of a kill-switch potentially even more vital.

Among the proposed applications of CRISPR is the development of
gene drives to amplify a trait (for example malaria resistance in
mosquitoes [15]) throughout a population or cause wild populations of
organisms to crash entirely [42]. These methods, and others yet to be
developed, constitute a form of environmental engineering that could
affect ecosystems, human health, economies, and power structures on a
global scale. The production of widely applicable CRISPR inhibitors to
counteract instances of accidental or intentional misuse of gene drives,
or the weaponization of CRISPR against human populations, may
become an urgent global security priority.

A practical rationale for inhibiting CRISPR is also the prevention of
off-target effects [43-45], defined as the unintended cleavage and mu-
tation of sequences other than the target locus. In an extreme example of
off-target effects, a recent study utilizing CRISPR in human embryos
discovered that unrepaired cleavage products can persist through cell
division resulting in allele-specific loss of entire chromosomes [46]. For
off-target reduction, inhibitors might function by two methods. The first
is prevention of significant off-target cleavage by timed inhibition. This
method is built on the hypothesis that on-target cleavage, being more
energetically favorable due to full guide-target complementarity, occurs
rapidly while off-target activity is less favorable and accumulates pri-
marily after the on-target locus has been cut and edited. For example, it
has been shown that temporally limiting Cas9 and sgRNA persistence in
cells raises the ratio of on-target to off-target editing [47-49]. Encoding
a sgRNA that targets the gene for Cas9 itself has been demonstrated to
cause a self-restriction of functional Cas9 expression, reducing off-target
editing in human liver cells [50]. This method was further refined by the
addition of an L7Ae:K-turn repression system to simultaneously atten-
uate Cas9 transcription and translation [47]. Similar results have also
been achieved using timed delivery of the anti-CRISPR protein AcrIIA4
[51].

The second mechanism by which inhibitors can decrease off-target
editing is by inhibiting excess enzyme. While this is similar to timed
inhibition, it typically involves simultaneous delivery of the effector and
inhibitor. For example, Aschenbrenner and coworkers describe what
they call kinetic insulation against off-target activity when Cas9 is co-
expressed or delivered as a fusion protein with a weakened anti-
CRISPR (Acr) protein [44]. By carefully tuning the level of inhibition
through Acr concentration or mutations that attenuated Acr efficiency in
Acr-Cas9 fusions, the authors identified variants and conditions that
maintained high on-target efficiency with low off-target activity.

Another related concept is “off-tissue” editing. In this case, it is not an
incorrect genetic locus or target that is edited, but an on-target site in a
tissue or organ where editing is not desired. Unrestricted CRISPR-
mediated editing exposes diverse tissues and cell types, which may not
be disease relevant, to potentially dangerous off-target mutations,
including deletion of long genomic tracts or chromosomal rearrange-
ments [52]. Off-tissue editing should thus be avoided if possible. While
some methods such as tissue-specific expression of Cas9 and sgRNA
[53-54] and modular LNP formulation for Cas9 ribonucleoprotein
(RNP) delivery [55] have been described, the ability to inhibit Cas
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effector enzymes in non-target tissues would be a valuable alternative or
supplement to other approaches. In fact, many of these findings may aid
the development of tissue-specific inhibitor delivery or restricted
CRISPR activity.

While various methods have been described to control gene editing
activity, this review will focus on inhibitors that function without the
need for Cas protein or CRISPR RNA engineering or regulation of
expression vectors. Thus, the inhibitors of interest here are molecules
that can largely act independently from enzyme engineering approaches
and be added directly to an in vitro reaction, a cell, or potentially a living
animal to block CRISPR-Cas endonuclease or gene targeting activity.
Three current technologies potentially fit these criteria: Acr proteins,
small molecule inhibitors of Cas enzymes, and small nucleic acid-base
inhibitors (SNuBs) (Fig. 1). We discuss these technologies and their
potential for human clinical use, with an emphasis on the potential
benefits of CRISPR SNuBs.

3. Anti-CRISPR (Acr) proteins

Anti-CRISPR (Acr) proteins are encoded by phages to help evade
bacterial and archaeal CRISPR systems. They are also found in certain
bacteria and encoded by mobile genetic elements [56]. Acrs were first
discovered as five genes encoded in phages of Pseudomonas aeruginosa
[57]. They inhibited the bacterium’s type I-F CRISPR-Cas defense sys-
tem, allowing them to infect P. aeruginosa cultures. Experimenting with
translationally incompetent versions of the genes revealed that inhibi-
tion was translation-dependent and therefore likely to be protein-based.
The same group shortly thereafter reported that some of these phages
bore inhibitors of P. aeruginosa type I-E CRISPR systems [56]. Until
2017, all the Acr proteins identified targeted class 1 systems. However,
Cas9 and Casl2 enzymes, which have been most heavily used for
biotechnology, are derived from class 2 systems. The first reported ex-
amples of a class 2 Acr came in the form of three Acrs that inhibit the
type II-C systems of Neisseria meningitidis and Brackiella oedipodis [58].
These type II-C inhibiting Acrs, AcrlIC1-3, were initially identified bio-
informatically by their proximity to anti-CRISPR-associated (aca) genes.
AcrIIC1-3 bind the N. meningitidis (Nme)Cas9-sgRNA complex and are
able to inhibit its activity in human cells, albeit to varying degrees.

Acr-encoding genes that inhibit type II-A systems, like the popular
SpCas9, were discovered in phages of Listeria monocytogenes. Of the four
genes identified, acrlIA2 and acrlIA4 encoded proteins that were able to
inhibit target binding in SpCas9 despite the fact that LmoCas9 and
SpCas9 share only 53% sequence identity, suggesting that AcrIIA2 and
AcrIIA4 are broad-spectrum inhibitors of type II-A Cas9 orthologs [59].
This same study also demonstrated that AcrIIA2 and AcrIIA4 can inhibit
SpCas9 in human cells. Using an approach focused on naturally occur-
ring anti-CRISPR activity in phage strains to identify candidate Acrs, a
fifth type II-A inhibitor was discovered, this time from phages of Strep-
tococcus thermophilus. This protein, AcrIIA5, was also able to inhibit
SpCas9 despite the fact that S. thermophilus CRISPR1 (St1)Cas9 and
SpCas9 share only 25% of their amino acid sequence identity [60].
AcrIIA5 was later found to broadly inhibit type II Cas9s, including every
Cas9 homolog used in genome engineering. While inhibition was not
observed in plaque assays for the type II-B Francisella novicida (Fn)Cas9
[61], AcrlIA5-dependent inhibition of FnCas9 was observed in vitro [62].
Recently, three new proteins, AcrlIA13-15, which specifically inhibit
Staphylococcus aureus (Sa)Cas9 but not SpCas9 in human cells, were
identified using a guilt-by-association method [63]. Because of SaCas9’s
small size and relative ease of delivery, SaCas9 inhibitors are a valuable
addition to the CRISPR-Cas9 toolset.

Acr inhibitors of another widely used Cas enzyme, the type V Cas12a,
have also been identified. Two independent studies found self-targeting
by Casl2a systems was inhibited by Acrs, called AcrVA1-5 [64]. Of
these, AcrVAl was found to broadly inhibit Casl2a homologs from
Moraxella bovoculi, Acidominococcus sp., and Lachnospiraceae bacterium
ND2006 in human cells [65].
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CRISPR-SNuBs
(Anti1_PAM-tracr)

Target binding, RNP assembly

Nucleofection; Carrier-free

<5nM
SpCas9

Rationally designed

Fig. 1. Comparison of anti-CRISPR technologies. Characteristics noted are based on published or implied properties and predicted delivery methods. K4 value for
CRISPR SNuB [Antil_PAM-tracr(FL), reported in Barkau et al., 2019] is unpublished.

3.1. Acr protein mechanisms

Acrs function by a variety of mechanisms, but interruption of target
binding and protospacer adjacent motif (PAM) recognition is a recurring
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theme among Acrs whose mechanisms have been studied. Shortly after
their initial discovery, the mechanisms of three of the originally
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Fig. 2. Mechanism of Three Anti-CRISPR Technologies. An Acr protein, AcrlIA4, and small molecule, BRD0539, bind the PI domain of SpCas9, preventing PAM
recognition and target binding. Different Acr proteins exhibit a diversity of mechanisms, but each usually has only one target in the Cas9 RNP. A CRISPR SNuB (Anti-
PAM tracr FL) exhibits a dual mechanism. The SNuB binds a sgRNA, obstructing proper assembly of the Cas9 RNP, and provides a DNA hairpin containing an NGG
motif in close proximity to the PI domain as a substrate analog.
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(AcrF3) prevented the assembly of the Cas3 helicase-nuclease protein to
the DNA-bound Cas complex, the other two interrupted target DNA
binding. One of these (AcrF1) bound the Csy1-Csy2 heterodimer, while
the other (AcrF2) bound Csy3 [66]. Crystallography revealed that AcrF3
forms a homodimer which binds P. aeruginosa Cas3, trapping it in an
inactive, ADP-bound form. AcrF3 also prevents DNA from entering into
the helicase domain [67].

In the same publication which initially identified the type II-C
inhibiting Acrs, AcrlIC3 was found to block DNA binding by catalyti-
cally “dead” Cas9 (dCas9) in human cells, indicating that its mechanism
prevents target DNA binding rather than Cas9’s catalytic activity [58].
Soon thereafter the Doudna group published mechanistic characteriza-
tions of AcrlIC1-3, reporting that AcrIIC1 functions by binding Cas9’s
HNH catalytic domain. The highly conserved nature of this domain al-
lows AcrIIC1 to inhibit Cas9 orthologs from different species, including
Geobacillus stearothermophilus (Geo)Cas9 and Campylobacter jejuni (Cj)
Cas9. AcrlIC2 and AcrIIC3, however, were more specific. AcrlIC3 was
shown to induce NmeCas9 dimerization and prevent DNA binding [68].

The mechanism of SpCas9 inhibitors AcrIIA2 and AcrlIA4 was first
investigated by Dong and coworkers, who solved the crystal structure of
AcrIIA4 bound to a Cas9-sgRNA complex. They found that these proteins
bind Cas9 in a sgRNA-dependent manner. Intriguingly, rather than
simply obstruct DNA binding, AcrlIA4 mimics PAM DNA, stopping Cas9
function at the earliest step of target recognition [69] (Fig. 2). AcrlIA4
was further found to only bind to a mature Cas9-sgRNA RNP complex
before it engaged target DNA [51]. The mechanism of the broad-
spectrum type II inhibitor AcrlIA5 was also reported to inhibit DNA
binding and result in 3’ truncation of the sgRNA [61]. However, a
conflicting study found that AcrIIA5 prevents target DNA cleavage by
Cas9 but does not impact DNA binding, which would make it similar to
AcrlIIC1. It also exhibits differential and independent inhibition of the
RuvC and HNH domains of Cas9, inhibiting RuvC to a much greater
extent. The highly conserved nature of RuvC domains across Cas9s likely
contributes to AcrlIA5's ability to inhibit such diverse Cas9 homologs
[62].

Although most Acrs function by nonenzymatic mechanisms, it has
been found that the type V inhibitors AcrVAl and AcrVA5 exhibit
enzymatic inhibition of Cas12a. AcrVA1 induces 3'-end truncation, even
reaching maximum activity at sub-stoichiometric levels, indicating that
it is a multiple turnover mechanism [70]. AcrVAS5, on the other hand, is
an acetyltransferase. It acetylates MbCas12a at Lys653, which sterically
prevents Casl2a from binding and recognizing its target PAM [71].

4. Small molecules

Despite the attractiveness of small molecules as CRISPR-Cas inhibitor
drugs, relatively little work has been done on the discovery and char-
acterization of small molecules as inhibitors. An early small molecule
investigation screened a library of 189,606 compounds for their ability
to inhibit either RuvC or HNH nuclease activity and found six com-
pounds that exhibited greater than 30% inhibition of SpCas9 in their
system [72]. Unfortunately, these molecules were found to be prohibi-
tively toxic to cells at 10 pM and were thus not considered to be can-
didates for animal studies. The authors speculate that the high number
of interactions, as well as interaction strength, between Cas9, sgRNA,
and its target DNA make it difficult to target with small molecules. This
is similar to known challenges faced with disrupting protein-protein
interactions [73]. Although this initial small molecule screen was not
successful in finding immediately useful compounds, it provided a
potentially useful platform for quickly and efficiently screening other
possible inhibitors.

More recently, Maji and colleagues introduced a high-throughput
screen for the identification of small molecule inhibitors of SpCas9
[74]. This screening technique utilizes fluorescence polarization (FP) to
measure binding of Cas9 to PAM-rich target DNA oligonucleotides as an
initial readout for inhibitory potential. Importantly, this method yields
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inhibitors that impair PAM binding, a low affinity but essential step in
Cas9-mediated DNA targeting and cleavage, rather than nuclease ac-
tivity itself. An initial screen revealed hits from diversity-oriented syn-
thesis (DOS) library compounds. The authors then carried out a second
screen with 9,549 compounds calculated to optimally represent the
structural diversity of the roughly 100,000 DOS compounds available.
Further validation and characterization was performed in vitro and in
cell-based EGFP disruption assays, eventually yielding compound
BRDO0539 as the best-performing molecule. R group variants of BRD0539
were systematically tested using cell-based EGFP disruption assays to
further optimize the design. FP analysis of Cas9-gRNA binding revealed
that BRD0539 does not interrupt RNP formation, meaning it specifically
impedes target binding (Fig. 2). BRD0539 was further found to be
reversible and specific to SpCas9, failing to inhibit Francisella novicida
(Fn)Cas12a. Unfortunately, the estimated dissociation constant (Kq) of
this inhibitor binding to SpCas9-gRNA complexes was 700 nM, far
higher than those reported for Acr proteins, which are generally in the
low nanomolar range [75-76]. Consequently, high concentrations of
BRD0539 were necessary to inhibit SpCas9, with a 50% inhibitory
concentration (ICso) of around 15 pM in cell-based EGFP disruption
assays.

Other small molecule-based approaches have been employed to
control Cas9 activity. However, these have generally been limited to
small molecule activators of Cas9 [77-78]. One notable exception is the
small molecule-assisted shut-off (SMASh) method [79]. This technology
consists of a fusion Cas9 protein containing a hepatitis C-derived pro-
tease (NS3) and degron (NS4A). This fusion causes Cas9 to be degraded
by the proteasomal pathway in the presence of a protease inhibitor
asunaprevir. In the absence of this inhibitor, the viral proteins excise
themselves and are degraded alone, leaving Cas9 intact. While this
method conceptually resembles small molecule inhibitors, it is distinct
in its dependence on cellular processes, making it inviable for in vitro
applications. The authors also observed a substantial delay in Cas9 loss
(t1/2 of 10.6 h) after asunaprevir addition in HEK293T cells transfected
with Cas9-SMASh.

Small molecules remain to be fully explored as CRISPR inhibitors.
Their cell permeability and likely low cost of manufacture makes them
very attractive as drug candidates. Nonetheless, achieving efficacy at
sufficiently low concentrations remains a technical hurdle. A cocktail of
inhibitors that target different domains and interactions of the Cas RNP
may help circumvent this problem by creating cumulative binding and
selectivity at lower concentrations. Unlike proteins and nucleic acids,
which are degraded in cells with fairly predictable byproducts, small
molecules may have to be carefully studied for their potential off-target
effects and metabolic breakdown products. In contrast to proteins and
nucleic acids, which may offer more rational design rules, small mole-
cules are unlikely to act as broad-spectrum inhibitors and will likely
necessitate lengthy drug discovery pipelines for individual Cas enzymes.

5. Small nucleic acid-based inhibitors (SNuBs)

Inspired by the discovery of Acrs and previous work on chemically-
modified CRISPR guide RNAs [80-81], small nucleic acids as potential
inhibitors of Cas9 have been recently explored. The Cas9 RNP is a prime
target for rational design of inhibitors that can mimic RNA and DNA
binding, which are natural interactions for Cas enzymes. Nucleic acids
can utilize multiple points of sequence-specific and sequence-
nonspecific contact that can be exploited to disrupt RNP assembly or
target binding. We previously found that oligonucleotides designed to
have two key points of contact, Watson-Crick pairing to the guide RNA
repeat region and binding to the PAM-interacting (PI) domain of Cas9,
acted as strong inhibitors of SpCas9 [82]. These designs comprised a
DNA hairpin containing an NGG sequence (anti-PAM), which mimics a
PAM motif, that was tethered via a polyethylene glycol (PEG) linker to a
2'-O-methyl oligonucleotide for guide RNA base-pairing (anti-tracr)
(Fig. 2). These two linked modules, anti-PAM and anti-tracr, function



C.L. Barkau et al.

synergistically to stably bind the Cas9-guide RNA complex and sterically
block target binding. Initial designs produced an inhibitor with a Kq of
~ 25 nM while successive generations have since produced binding af-
finities at least an order of magnitude better, in the very low nanomolar
range (Barkau and coworkers, unpublished results).

The presence of small nucleic acid-based inhibitors slowed Cas9
activity in vitro and in HEK293T cells in a dose-dependent manner,
having a calculated half maximal effective concentration (ECsg) in vitro
very near the concentration of the CRISPR RNA (crRNA) guide, with
which it is designed to compete for binding. Modification of the 2'-O-
methyl chemistry of the anti-tracr module to 2'-fluoro RNA (F) or 2'-
fluoro with locked nucleic acid (LNA) bases at three positions (FL)
increased inhibition in vitro and in cells, with the combination of F and
LNA chemistries (“FL”) emerging as the most favorable design [82].
These inhibitors small nucleic acid-based inhibitors, or SNuBs, of
CRISPR are likely to benefit from additional structural and chemical
optimizations. For example, phosphorothioate (PS) modification of the
backbone may confer greater nuclease resistance and pharmacokinetic
properties. Likewise, alternative pentose modifications (ribose, arabi-
nose, etc.) could be used to modulate SNuB stability, binding affinity,
and carrier-free uptake.

The size, chemistry, and mechanism of CRISPR SNuBs present some
unique advantages over Acrs and small molecules for inhibiting Cas9.
SNuBs are smaller than Acr proteins and advanced iterations of SNuB
design may take advantage of chemical modifications that enhance
carrier-free delivery and high resistance to nucleases, making them more
deliverable than Acrs in vivo. Despite their small size, however, SNuBs
can bind the Cas9 RNP with high affinity, possibly exceeding that of
Acrs. Affinity and specificity would also be predicted to be superior to
small molecules. While some Acrs exhibit broad spectrum activity [68],
not every CRISPR nuclease can be inhibited by a single protein and some
may not be inhibited by any naturally occurring Acr. Small molecules
have yet to be found which inhibit multiple CRISPR enzymes and
inhibiting enzymes other than SpCas9 will likely require de novo screens
for new molecules. Though Cas9 orthologs vary in their structure, they
all form RNPs with similar RNP interactions but different RNA se-
quences and PAM specificities. Thus, the rational design of SNuBs rep-
resents a platform that can likely be used to rapidly generate effective
inhibitors against other Cas9 orthologs, such as SaCas9 and CjCas9, or
even other CRISPR effector proteins like Casl2a.

6. Therapeutic nucleic acids

A key strength of CRISPR SNuBs lies in the translation of previous
nucleic acid therapeutic successes to their development. Lessons learned
from nucleic acid therapeutics can be applied to modulate their mech-
anistic properties, deliverability, tissue and organ distribution in vivo,
nuclease resistance, and toxicity [83-86]. Several nucleic acid-based
drugs, including antisense oligonucleotides (ASOs) and small inter-
fering RNAs (siRNAs), have been approved by the United States Food
and Drug Administration (FDA). The field surrounding them provides a
wealth of experience that will guide the clinical development of SNuBs.
Both ASOs and siRNAs are mechanistically or structurally similar to
SNuBs.

Since their discovery, ASOs have played a vital role in the
advancement of oligonucleotide-based therapies. The first ASO, a 13-
nucleotide DNA oligomer with complementarity to the 35S RNA of
Rous sarcoma virus, was found to inhibit viral infection when added to
chicken embryonic fibroblast cultures [87]. The cause of this inhibition
was determined to be the interruption of viral translation, likely through
sequence-specific hybridization to viral RNA [88]. It was later discov-
ered that ASOs inhibit RNA translation in cell-free reticulocyte lysate by
an RNase H-dependent mechanism, suggesting that the RNA is digested
while bound to the ASO [89]. Some ASOs, however, do not require
RNase H in order to elicit hybridization-dependent inhibition, func-
tioning instead by steric binding mechanisms like blocking translation,
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modulating splicing, or binding regulatory elements to control trans-
lation [90-93]. By these mechanisms, ASOs in principle can modulate
the expression of nearly any gene, giving them enormous potential as
therapeutics for genetic diseases.

RNA interference (RNAI) is a naturally occurring mechanism of gene
regulation found in diverse eukaryotes. In canonical mammalian RNAI,
microRNAs guide sequence-specific binding of Argonaute proteins to
messenger RNA (mRNA) targets, which leads to repression of gene
expression [94]. When perfect base-pairing occurs, which is induced by
artificial siRNAs, target mRNAs are catalytically cleaved. siRNAs can be
designed to target almost any transcript for degradation in human cells,
making them an extremely useful tool in treating genetic diseases where
a gene is overexpressed or perhaps aberrantly spliced [95].

The first FDA-approved oligonucleotide-based therapy was fomi-
virsen (commercially sold as Vitravene). Developed by ISIS (now Ionis)
Pharmaceuticals and Novartis Ophthalmics, this 21-nucleotide fully
phosphorothioated (PS) DNA oligo was designed to treat cytomegalo-
virus (CMV)-induced retinitis that is found in patients with compro-
mised immune systems. It targets a CMV gene that encodes a protein, IE-
2, which is necessary for replication [96]. For over a decade following
the approval of fomivirsen by the FDA in 1998 and the European
Medicines Agency (EMA) in 1999, no oligonucleotide drugs were
approved for clinical therapeutic use. During the 2010s, however,
nucleic acid therapeutics experienced a resurgence and the rate of FDA
approval for oligonucleotide therapeutics has since accelerated [97].
This exciting trend is likely due to the increasingly shorter pre-clinical
development times for oligonucleotides. Because nucleic acid thera-
peutics are straightforward to design using predictable rules of base
pairing and secondary structure, they are readily synthesizable, and can
be modulated in a variety of ways using well-characterized chemical
strategies. Typically, it can take less than a year for a new oligonucle-
otide drug to enter clinical studies.

The rapid nature of oligonucleotide therapeutic development is
exemplified by treatments designed for extremely rare genetic disorders,
or so-called “N-of-1” treatments [98]. In one such case, a young girl was
diagnosed with a fatal neurodegenerative disease caused by a
completely novel mutation. It was found that this mutation caused
missplicing of MFSD8, which led to premature translation termination.
Milasen, a 22-nucleotide ASO, was designed to target the cryptic splice
site where the abnormal splicing event occurs. This ASO utilized design
elements of nusinersen, an FDA-approved ASO with a similar thera-
peutic mechanism. Within a year of the original diagnosis, milasen was
given limited approval as an investigational drug to treat the patient
[99]. Treatments such as these are testimony to the power of rational
design and well-characterized chemistry that is shared by most nucleic
acid-based drugs.

7. The challenge of delivery

One of the major challenges CRISPR-Cas inhibitors will face on their
path to clinical application lies in efficient delivery. While the obvious
application of inhibitors is to reduce off-target editing across the
genome, they could also be used to suppress editing in non-target tissues
and organs. The former would necessitate delivery of an inhibitor with
the same target distribution as the CRISPR therapeutic itself, either at a
later time point or simultaneously at a finely tuned ratio to the effector.
The latter, however, would involve inhibitor delivery with an inverse
distribution before or at the same time as CRISPR delivery. The distinct
nature of each inhibitor technology discussed above—Acr proteins,
small molecules, and nucleic acids—brings unique advantages and dif-
ficulties for their delivery. Potential avenues of delivery for each in-
hibitor type are shown in Fig. 3.

7.1. Delivery of Anti-CRISPR proteins

Acr proteins may be the most challenging type of inhibitor to deliver
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modulated by chemical modifications and conjugates.

directly in a clinical setting. Though small by protein standards, Acrs
would instead most likely rely on delivery via adeno-associated virus
(AAV) vectors or as mRNAs packaged into LNPs, the same methods by
which most CRISPR-based therapeutics are expected to be delivered in
patients [100]. Packaging into an AAV vector has long been a challenge
for CRISPR effectors alone, as the sheer size of most Cas enzymes, such as
SpCas9, presents packaging issues in AAVs. This has been overcome by
using dual AAVs carrying either Cas9 and its sgRNA encoded separately
or a split Cas9 encoded on two separate AAVs [101] and by using smaller
orthologs of Cas9, such as SaCas9 [102]. The addition of Acrs to these
systems would further decrease the space that can be used for additional
sgRNAs, fusion proteins, or regulatory elements. Alternatively, Acrs
could be delivered as stand-alone AAVs. Another consideration for AAV-
based or LNP-based delivery of Acrs is their dependence on the cellular
processes of transcription and translation, which can be impacted by a
number of cellular factors, such as stress or cell type. This reliance makes
it more difficult to accurately predict the timing and degree of inhibition
that can be achieved by Acrs. It also means that inhibition, possibly
being far removed from the point of administration, might require hours
to take effect.

One significant benefit of using AAVs to encode inhibitors is that
AAVs themselves can exhibit tissue specificity, making targeted delivery
of both CRISPR and Acrs for the purpose of increasing tissue specificity
of editing potentially straightforward. For example, different AAV se-
rotypes have been found to be selectively transduced most efficiently to
specific tissues in the muscle, lung, and liver [103]. Co-delivery by the
same method as CRISPR might also ensure that similar timing of Acr and
Cas enzyme expression can be achieved if desired, regardless of factors
that might globally affect transcription and translation. Acrs have been
routinely tested in human cell lines but they are also the only inhibitor
technology that has been tested in a living animal. Acrs were recently
used to inhibit Cas9 in a miRNA-repressible manner to strengthen tissue
specificity of editing in mice [104].

7.2. Delivery of small molecules

Perhaps the simplest type of CRISPR inhibitor to deliver in vivo would
be small molecules. Due to their high likelihood for cell permeability,
most small molecule inhibitors could in theory be administered orally in
a manner similar to conventional drugs. Small molecules generally have
rapid uptake kinetics as well, perhaps taking effect on the order of mi-
nutes [105]. Unlike proteins or nucleic acids, which are broken down
and metabolized by well-known mechanisms, small molecules exhibit
diverse pharmacokinetic properties and metabolic outcomes. In addi-
tion to toxicity and efficacy, any small molecule designed to inhibit
CRISPR systems in a clinical setting must be thoroughly characterized in
terms of its absorption, distribution, metabolism, and excretion (ADME).
Most enzymatic inhibitors used in medicine are small molecules. How-
ever, considering the potential necessity of dedicated discovery pipe-
lines for each Cas enzyme and the complexity of small molecule
medicinal chemistry and pharmacology, small molecules that inhibit
CRISPR-based therapeutics may remain a longer-term prospect for the
clinic.

7.3. Delivery of CRISPR-SNuBs

The challenge of delivery is distinct for nucleic acids as opposed to
both Acr proteins and small molecules. To be successful in clinical ap-
plications, SNuBs will need to overcome barriers such as degradation by
serum and cellular nucleases, renal clearance, and cellular uptake.
Fortunately, this challenge is a major topic of study in nucleic acid-based
therapeutics and a number of approaches have been developed to
address these issues. Much is also known about effective methods for
delivery, major barriers to delivery inside the human body, and how
oligonucleotides can be chemically modified to overcome these.

When considering modifications to enhance delivery, it is important
to remember that CRISPR SNuBs are essentially composed of two
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modules. These are the anti-PAM, a native DNA hairpin, and the anti-
tracr, made of RNA-like nucleotides that maintain an A-form structure
[82]. Several chemical modifications are known to improve cellular
uptake of oligonucleotides. Due to their foreign nature, these modifi-
cations often also bestow some degree of nuclease resistance to nucleic
acids, as they are not readily recognized by physiological nucleases.
Modification can be performed to the nucleic acid backbone, the ribose
sugar, or the base itself. One backbone modification, phosphorothioate
(PS), is the most common modification throughout all classes of thera-
peutic oligonucleotides. PS confers both nuclease resistance [106] and
improved cellular uptake [107] in exchange for a small reduction in
binding affinity [108]. Importantly, PS modification allows DNA to
largely retain its native structural properties [109]. These features are
desirable but PS modification has also been shown to cause toxicity
through non-specific binding of proteins [110]. Therefore, the use of PS
in SNuB designs should be limited to enhance activity and serum sta-
bility but reduce toxicity.

DNA-like modifications, such as 2'-deoxy-2'-fluoroarabino nucleic
acid (FANA) could be incorporated into the anti-PAM module to main-
tain B-form structure while increasing serum stability [111] and pro-
moting cellular uptake [112-113]. RNA-like modifications, such as 2'-O-
methyl, 2'-fluoro, and LNA can promote stability for the anti-tracr
module [114-116]. Like FANA, LNA is also conducive to gymnotic de-
livery, wherein the oligo is taken up by the cell without the need for a
transfection reagent [117-118]. Other modifications such as phos-
phorodiamidate morpholino oligomers (PMO) and peptide nucleic acids
(PNA) might also provide nuclease resistance and high binding affinity
[119] and may be suitable in the anti-tracr module.

Another important avenue for improving uptake and distribution of
nucleic acid-based inhibitors is conjugation. A number of conjugates are
known to facilitate cellular uptake of nucleic acids [120]. One of the first
conjugates found to be useful for this purpose were lipids such as
cholesterol. Cholesterol was found to induce distribution of oligonu-
cleotides to diverse tissues [121-122]. It achieves this by associating
with lipoproteins, transmembrane proteins, and lipoprotein receptors
[123]. There is a growing diversity of lipid conjugates, such as docosa-
noic acid and docosahexaenoic acid (DHA), which have been utilized to
enhance extrahepatic distribution of oligonucleotides [120,124].
Another conjugate, N-acetyl galactosamine (GalNAc), can be used to
direct oligonucleotides to hepatocytes via endocytosis. GalNAc binds
with high affinity to the asialoglycoprotein receptor 1 (ASGR1) found in
high abundance in the liver, making it very effective at facilitating
organ-specific cellular uptake [125-126]. Conjugation of oligonucleo-
tides to antibodies or other scaffold proteins [127] can promote uptake
by a number of different cell types and may even be useful in targeting
specific types of cancers [128-132]. Other conjugates, such as short
peptides [133], aptamers [134], and cell-penetrating peptides [135],
can enable the delivery of oligonucleotides to diverse tissues and cell
types.

While it is possible that SNuBs could be delivered as heavily modified
oligonucleotides, in some cases it may also be desirable to use carriers
such as LNPs. Short-lived lipid-nucleic acid complexes can be formed
simply by mixing nucleic acids (polyanions) with lipid molecules but
more complex LNP structures are required to evade reticuloendothelial
clearance. These typically comprise a lipid bilayer with a heterogeneous
lipid composition, including fusogenic lipids to assist endosomal escape,
cholesterol, and pegylated lipids [136-137]. One notable drawback of
LNPs is that their size limits their target potential. LNPs, being ~100 nm
particles, can only exit circulation at areas with sufficiently large fen-
estrations in the linings of blood vessels, such as liver, spleen, lymphoid
organs, and bone marrow [138].

8. Metabolism and safety concerns of Anti-CRISPRs

An important aspect of any CRISPR inhibitor proposed for use in
human patients is the eventual metabolic fate and potential for
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unintended effects on the human body. While detailed studies on this
subject have yet to be done, the three types of anti-CRISPRs discussed in
this review could be expected to experience different fates inside the
human body due to their contrasting molecular compositions.

8.1. Acr protein metabolism

Peptide chains are typically very stable in solution, taking perhaps
years to hydrolyze nonenzymatically [139]. While there are a number of
pathways that degrade proteins in the human body, anti-CRISPR protein
metabolism should be relatively predictable if they are assumed to be
transcribed or translated, and likewise degraded, inside of cells. Intra-
cellular proteolysis is carried out mostly by the autophagy-lysosomal
pathway or by the ubiquitin-proteasomal pathway. Proteins are non-
selectively taken up into autophagic vacuoles within the cell. These
bodies can then fuse with lysosomes containing proteases that degrade
captured proteins [140]. By contrast, the ubiquitin-proteasomal
pathway is more selective. Briefly, proteins are tagged for degradation
by covalent linkage of ubiquitin polypeptides to the target protein
(ubiquitination). Ubiquitinated proteins are then degraded within the
proteasome. Amino acids released by proteolysis can then be used by
cellular processes, including the synthesis of new proteins [141]. In fact,
fusion of Acrs to the cell cycle regulated protein Cdtl has been used to
demonstrate cell cycle dependent inhibition of Cas9 via the ubiquitin-
proteasomal pathway [142]. One possible drawback to the use of Acr
proteins is that their half-life is dependent on factors might affect
cellular metabolism, such as cell type, stress, and cell health.

8.2. Metabolism of small molecule inhibitors

Somewhat less predictable are the metabolic outcomes of small
molecule inhibitors. While only a few have been identified to date, anti-
CRISPR small molecules could ultimately assume a wide diversity of
structures containing any number of various chemical groups, each of
which greatly influences the metabolism of the molecule. It is worth
noting that BRD0539 exhibited high stability in human plasma (50%
serum for 5 h). Beyond this, low cytotoxicity was observed [74]. How-
ever, this cannot be extrapolated to reflect toxicity to organ systems or
whole animals [143].

8.3. Metabolism of nucleic acid inhibitors

The metabolic fate of nucleic acids inside of cells, like that of pro-
teins, is relatively well understood. As naturally occurring biological
molecules, unmodified DNA and RNA oligonucleotides are readily
degraded via nucleases that occur ubiquitously in human tissues. Upon
degradation, the resulting nucleotide or nucleoside monomers can be
recycled for nucleic acid synthesis or further broken down and excreted
as waste products such as uric acid. As mentioned above, several
chemical modifications can be used to alter the properties and phar-
macokinetics of nucleic acid drugs [144]. CRISPR SNuBs will have to be
heavily modified for use inside human patients if delivered directly or as
LNPs. The way these modifications affect metabolism is therefore an
important consideration in the development of SNuBs or other nucleic
acids for inhibition of gene editing in a therapeutic context. Non
sequence-specific toxicities associated with ASOs in vivo are generally
mild, treatable, and dose-dependent. These include thrombocytopenia,
hyperglycemia, and hypotension associated with PS modification. Acute
toxicity related to PS ASOs has also been observed in the form of tran-
sient complement cascade activation or inhibition of the clotting
cascade.

Another potential concern with oligonucleotide drugs is the presence
of unmethylated CpG sites, which stimulate an immune response [145],
but this is easily addressed by chemical modifications [146]. Beyond
sequence, every unique chemical modification employed can potentially
introduce its own metabolic breakdown pathway, and therefore
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potential toxicity profile, in human patients. It has been found that 2’
modifications such as 2'-O-methyl and 2'-O-methoxyethyl (MOE) induce
similar side effects as PS oligos, but to a lesser degree. LNA has been
found to exhibit few side effects at low doses clinically, but have been
shown to be hepatotoxic at higher doses in mice, possibly in a sequence
and length-specific manner [147]. At normal in vivo dosage levels, 2'-
fluoro monomers were found not to significantly accumulate in rats
given revusiran over a two-year period. Additionally, the byproducts of
2'-fluoro modified oligo did not appear to be competent polymerase
substrates or chain terminators.

As mentioned previously in this review, several oligonucleotide
drugs containing various chemical modifications have been approved by
regulatory agencies for use in human patients. The demonstrated safety
of chemical modification schemes for therapeutic oligonucleotides il-
luminates a clear path to clinically applicable anti-CRISPR nucleic acids
with little to no toxicity.

9. Conclusion

As CRISPR becomes a more common component of human thera-
peutics, methods for inhibiting Cas enzymes will become ever more
important. In the future, inhibitors may be used to suppress CRISPR in
non-target tissues during gene therapy, added preemptively to minimize
off-target activity, or even administered in emergency situations where
CRISPR has been misapplied or caused adverse events. Indeed, it is
easier to envision a future for CRISPR-based therapeutics with anti-
CRISPR technologies at our disposal.

The next logical step toward the clinic for anti-CRISPR technologies
is optimization and testing in human tissue culture and animal models of
gene editing. Fortunately, the accelerating rate of success for human
nucleic acid therapeutics is paving a clear path to the clinic for nucleic
acid-based anti-CRISPR molecules. Chemistry and improved
manufacturing and quality control methodologies, pharmacology, and
delivery of nucleic acid drugs are all reaching a threshold of maturity.
For these reasons, as well as the intrinsic power of using nucleic acids as
inhibitors of nucleic acid-binding proteins, CRISPR SNuBs represent a
promising platform for developing a clinically successful anti-CRISPR
drug.

CRediT authorship contribution statement

C.L.B. conceived, wrote, and edited the manuscript and prepared
figures. D.O. and S.B.E. assisted in writing, literature assessment, and
figure preparation. M.J.D assisted in writing and editing the manuscript.
K.T.G. conceived and assisted in writing and editing of the manuscript.

Acknowledgement

This work was supported by an NIH R01 grant (1R01GM135646-01)
to K.T.G. and M.J.D.

References

[1] G. Gasiunas, R. Barrangou, P. Horvath, V. Siksnys, Cas9-crRNA ribonucleoprotein
complex mediates specific DNA cleavage for adaptive immunity in bacteria, Proc.
Natl. Acad. Sci. U.S.A. 109 (39) (2012) E2579-E2586.

[2] M. Jinek, K. Chylinski, I. Fonfara, M. Hauer, J.A. Doudna, E. Charpentier,

A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial
immunity, Science 337 (6096) (2012) 816-821.

[3] L. Cong, F.A. Ran, D. Cox, S. Lin, R. Barretto, N. Habib, P.D. Hsu, X. Wu, W. Jiang,
L.A. Marraffini, F. Zhang, Multiplex genome engineering using CRISPR/Cas
systems, Science 339 (6121) (2013) 819-823.

[4] P. Mali, L. Yang, K.M. Esvelt, J. Aach, M. Guell, J.E. DiCarlo, J.E. Norville, G.
M. Church, RNA-guided human genome engineering via Cas9, Science 339
(6121) (2013) 823-826.

[5] L. Qi, M. Larson, L. Gilbert, J. Doudna, J. Weissman, A. Arkin, W. Lim,
Repurposing CRISPR as an RNA-guided platform for sequence-specific control of
gene expression, Cell 152 (5) (2013) 1173-1183.

[6] X. Xu, L.S. Qi, A CRISPR-dCas Toolbox for genetic engineering and synthetic
biology. J. Mol. Biol. (2018).

[71

[8]
[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]

[31]

[32]
[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

[42]

[43]

Biochemical Pharmacology xxx (xxxx) xxx

A. Mahas, C. Neal Stewart, M.M. Mahfouz, Harnessing CRISPR/Cas systems for
programmable transcriptional and post-transcriptional regulation, Biotechnol.
Adv. 36 (1) (2018) 295-310.

A.FEid, S. Alshareef, M.M. Mahfouz, CRISPR base editors: genome editing without
double-stranded breaks, Biochem. J. 475 (2018) 1955-1964.

M.P. Terns, CRISPR-based technologies: impact of RNA-targeting systems, Mol.
Cell 72 (3) (2018) 404-412.

0.0. Abudayyeh, J.S. Gootenberg, S. Konermann, J. Joung, I.M. Slaymaker, D.B.
T. Cox, S. Shmakov, K.S. Makarova, E. Semenova, L. Minakhin, K. Severinov,
A. Regev, E.S. Lander, E.V. Koonin, F. Zhang, C2c2 is a single-component
programmable RNA-guided RNA-targeting CRISPR effector, Science 353 (6299)
(2016) aaf5573, https://doi.org/10.1126/science:aaf5573.

M. Takata, M.S. Sasaki, E. Sonoda, C. Morrison, M. Hashimoto, H. Utsumi,

Y. Yamaguchi-Iwai, A. Shinohara, S. Takeda, Homologous recombination and
non-homologous end-joining pathways of DNA double-strand break repair have
overlapping roles in the maintenance of chromosomal integrity in vertebrate
cells, EMBO J. 17 (18) (1998) 5497-5508.

S. Bae, J. Kweon, H.S. Kim, J.-S. Kim, Microhomology-based choice of Cas9
nuclease target sites, Nat. Methods 11 (7) (2014) 705-706.

S. Nakade, T. Tsubota, Y. Sakane, S. Kume, N. Sakamoto, M. Obara, T. Daimon,
H. Sezutsu, T. Yamamoto, T. Sakuma, K.-I. Suzuki, Microhomology-mediated end-
joining-dependent integration of donor DNA in cells and animals using TALENs
and CRISPR/Cas9, Nat. Commun. 5 (1) (2014), https://doi.org/10.1038/
ncomms6560.

K. Xie, Y. Yang, RNA-guided genome editing in plants using a CRISPR-Cas
system, Mol. Plant 6 (6) (2013) 1975-1983.

V.M. Gantz, N. Jasinskiene, O. Tatarenkova, A. Fazekas, V.M. Macias, E. Bier, A.
A. James, Highly efficient Cas9-mediated gene drive for population modification
of the malaria vector mosquito Anopheles stephensi, Proc. Natl. Acad. Sci. 112
(49) (2015) E6736-E6743.

M.L. Kimberland, W. Hou, A. Alfonso-Pecchio, S. Wilson, Y. Rao, S. Zhang, Q. Lu,
Strategies for controlling CRISPR/Cas9 off-target effects and biological variations
in mammalian genome editing experiments, J. Biotechnol. 284 (2018) 91-101.
Allergan & Editas Medicine, 1. 2024.

Vertex Pharmaceuticals, I. & Therapeutics, C. 2021.

First Affiliated Hospital, S.Y.-S.U. & Jingchu University of, T. 2018.

Hangzhou Cancer, H. & Anhui Kedgene Biotechnology Co, L. 2018.

Chinese, P.L.A.G.H. 2019.

GlaxoSmithKline & Parexel 2019.

Chinese, P.L.A.G.H. 2020.

P. Roger, Children’s National Research, 1. 2021.

University of, W., National Cancer, I. & Minnesota Ovarian Cancer, A. 2021.
Intima Bioscience, I. & Masonic Cancer Center, U.0.M. 2022.

AG, C.T. & Therapeutics, C. 2026.

AG, C.T. & Therapeutics, C. 2027.

D. Cyranoski, CRISPR gene-editing tested in a person for the first time, Nat. News
539 (7630) (2016) 479.

E.A. Stadtmauer, et al., CRISPR-engineered T cells in patients with refractory
cancer, Science 367 (2020).

L. Xu, J. Wang, Y. Liu, L. Xie, B. Su, D. Mou, L. Wang, T. Liu, X. Wang, B. Zhang,
L. Zhao, L. Hu, H. Ning, Y. Zhang, K. Deng, L. Liu, X. Lu, T. Zhang, J. Xu, C. Li,
H. Wu, H. Deng, H.u. Chen, CRISPR-edited stem cells in a patient with HIV and
acute lymphocytic leukemia, N. Engl. J. Med. 381 (13) (2019) 1240-1247.

A. Mullard, Nature Publishing Group, 2018.

B.L. Webber, S. Raghu, O.R.O. Edwards, Is CRISPR-based gene drive a biocontrol
silver bullet or global conservation threat? Proc. Natl. Acad. Sci. 112 (2015)
10565-10567.

A. Scheben, F. Wolter, J. Batley, H. Puchta, D. Edwards, Towards CRISPR/Cas
crops-bringing together genomics and genome editing, New Phytol. 216 (3)
(2017) 682-698.

C.-H. Huang, K.-C. Lee, J.A. Doudna, Applications of CRISPR-Cas enzymes in
cancer therapeutics and detection, Trends Cancer 4 (7) (2018) 499-512.

C.A. Lino, J.C. Harper, J.P. Carney, J.A. Timlin, Delivering CRISPR: a review of
the challenges and approaches, Drug Deliv. 25 (1) (2018) 1234-1257.

A. Karimian, K. Azizian, H. Parsian, S. Rafieian, V. Shafiei-Irannejad,

M. Kheyrollah, M. Yousefi, M. Majidinia, B. Yousefi, CRISPR/Cas9 technology as
a potent molecular tool for gene therapy, J. Cell. Physiol. 234 (8) (2019)
12267-12277.

H. Babaci¢, A. Mehta, O. Merkel, B. Schoser, A.S. Lewin, CRISPR-cas gene-editing
as plausible treatment of neuromuscular and nucleotide-repeat-expansion
diseases: a systematic review, PLoS ONE 14 (2) (2019) e0212198.

P. Papasavva, M. Kleanthous, C.W. Lederer, Rare opportunities: CRISPR/Cas-
based therapy development for rare genetic diseases, Mol. Diagn. Therapy 23 (2)
(2019) 201-222.

M. Yasaka, T. Sakata, K. Minematsu, H. Naritomi, Correction of INR by
prothrombin complex concentrate and vitamin K in patients with warfarin related
hemorrhagic complication, Thromb. Res. 108 (1) (2002) 25-30.

L.L. Cowley, C.R. Lam, The neutralization of heparin by protamine, Surgery 24
(1948) 97-99.

A. Hammond, R. Galizi, K. Kyrou, A. Simoni, C. Siniscalchi, D. Katsanos,

M. Gribble, D. Baker, E. Marois, S. Russell, A. Burt, N. Windbichler, A. Crisanti,
T. Nolan, A CRISPR-Cas9 gene drive system targeting female reproduction in the
malaria mosquito vector Anopheles gambiae, Nat. Biotechnol. 34 (1) (2016)
78-83.

F. Zhang, G. Song, Y. Tian, Anti-CRISPRs: the natural inhibitors for CRISPR-Cas
systems, Anim. Models Exp. Med. 2 (2019) 69-75.


http://refhub.elsevier.com/S0006-2952(21)00088-5/h0005
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0005
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0005
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0010
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0010
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0010
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0015
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0015
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0015
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0020
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0020
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0020
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0025
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0025
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0025
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0035
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0035
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0035
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0040
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0040
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0045
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0045
https://doi.org/10.1126/science:aaf5573
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0055
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0055
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0055
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0055
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0055
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0060
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0060
https://doi.org/10.1038/ncomms6560
https://doi.org/10.1038/ncomms6560
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0070
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0070
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0075
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0075
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0075
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0075
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0080
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0080
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0080
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0145
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0145
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0150
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0150
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0155
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0155
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0155
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0155
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0165
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0165
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0165
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0170
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0170
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0170
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0175
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0175
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0180
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0180
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0185
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0185
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0185
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0185
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0190
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0190
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0190
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0195
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0195
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0195
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0200
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0200
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0200
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0205
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0205
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0210
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0210
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0210
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0210
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0210
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0215
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0215

C.L. Barkau et al.

[44]

[45]

[46]
[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

S. Aschenbrenner, S.M. Kallenberger, M.D. Hoffmann, A. Huck, R. Eils, D. Niopek,
Coupling Cas9 to artificial inhibitory domains enhances CRISPR-Cas9 target
specificity, Sci. Adv. 6 (6) (2020) eaay0187, https://doi.org/10.1126/sciadv.
aay0187.

M. Naeem, S. Majeed, M.Z. Hoque, I. Ahmad, Latest developed strategies to
minimize the off-target effects in CRISPR-Cas-mediated genome editing, Cells 9
(7) (2020) 1608, https://doi.org/10.3390/cells9071608.

M.V. Zuccaro, et al. Allele-specific chromosome removal after Cas9 cleavage in
human embryos. Cell (2020).

C.C. Shen, et al. Synthetic switch to minimize CRISPR off-target effects by self-
restricting Cas9 transcription and translation. Nucleic Acids Res. (2018).

S. Kim, D. Kim, S.W. Cho, J. Kim, J.-S. Kim, Highly efficient RNA-guided genome
editing in human cells via delivery of purified Cas9 ribonucleoproteins, Genome
Res. 24 (6) (2014) 1012-1019.

S. Ramakrishna, A.-B. Kwaku Dad, J. Beloor, R. Gopalappa, S.-K. Lee, H. Kim,
Gene disruption by cell-penetrating peptide-mediated delivery of Cas9 protein
and guide RNA, Genome Res. 24 (6) (2014) 1020-1027.

Y. Chen, X. Liu, Y. Zhang, H. Wang, H. Ying, M. Liu, D. Li, K.O. Lui, Q. Ding,
A self-restricted CRISPR system to reduce off-target effects, Mol. Ther. 24 (9)
(2016) 1508-1510.

J. Shin, F. Jiang, J.-J. Liu, N.L. Bray, B.J. Rauch, S.H. Baik, E. Nogales, J. Bondy-
Denomy, J.E. Corn, J.A. Doudna, Disabling Cas9 by an anti-CRISPR DNA mimic,
Sci. Adv. 3 (7) (2017) e1701620, https://doi.org/10.1126/sciadv.1701620.

M. Kosicki, K. Tomberg, A. Bradley, Repair of double-strand breaks induced by
CRISPR-Cas9 leads to large deletions and complex rearrangements, Nat.
Biotechnol. 36 (8) (2018) 765-771.

H. Meltzer, E. Marom, I. Alyagor, O. Mayseless, V. Berkun, N. Segal-Gilboa,

T. Unger, D. Luginbuhl, O. Schuldiner, Tissue-specific (ts) CRISPR as an efficient
strategy for in vivo screening in Drosophila, Nat. Commun. 10 (1) (2019),
https://doi.org/10.1038/541467-019-10140-0.

X.-W. Wang, L.-F. Hu, J. Hao, L.-Q. Liao, Y.-T. Chiu, M. Shi, Y. Wang,

A microRNA-inducible CRISPR-Cas9 platform serves as a microRNA sensor and
cell-type-specific genome regulation tool, Nat. Cell Biol. 21 (4) (2019) 522-530.
T. Wei, Q. Cheng, Y.-L. Min, E.N. Olson, D.J. Siegwart, Systemic nanoparticle
delivery of CRISPR-Cas9 ribonucleoproteins for effective tissue specific genome
editing, Nat. Commun. 11 (2020) 1-12.

A. Pawluk, J. Bondy-Denomy, V.H.W. Cheung, K.L. Maxwell, A.R. Davidson,

R. Hendrix, A new group of phage anti-CRISPR genes inhibits the type IE CRISPR-
Cas system of Pseudomonas aeruginosa, MBio 5 (2) (2014), https://doi.org/
10.1128/mBi0.00896-14.

J. Bondy-Denomy, A. Pawluk, K.L. Maxwell, A.R. Davidson, Bacteriophage genes
that inactivate the CRISPR/Cas bacterial immune system, Nature 493 (7432)
(2013) 429-432.

A. Pawluk, N. Amrani, Y. Zhang, B. Garcia, Y. Hidalgo-Reyes, J. Lee, A. Edraki,
M. Shah, E.J. Sontheimer, K.L. Maxwell, A.R. Davidson, Naturally occurring off-
switches for CRISPR-Cas9, Cell 167 (7) (2016) 1829-1838.e9.

B.J. Rauch, M.R. Silvis, J.F. Hultquist, C.S. Waters, M.J. McGregor, N.J. Krogan,
J. Bondy-Denomy, Inhibition of CRISPR-Cas9 with bacteriophage proteins, Cell
168 (1-2) (2017) 150-158.e10.

A.P. Hynes, G.M. Rousseau, M.-L. Lemay, P. Horvath, D.A. Romero, C. Fremaux,
S. Moineau, An anti-CRISPR from a virulent streptococcal phage inhibits
Streptococcus pyogenes Cas9, Nat. Microbiol. 2 (10) (2017) 1374-1380.

B. Garcia, J. Lee, A. Edraki, Y. Hidalgo-Reyes, S. Erwood, A. Mir, C.N. Trost,

U. Seroussi, S.Y. Stanley, R.D. Cohn, J.M. Claycomb, E.J. Sontheimer, K.

L. Maxwell, A.R. Davidson, Anti-CRISPR AcrIIA5 potently inhibits all Cas9
homologs used for genome editing, Cell Reports 29 (7) (2019) 1739-1746.e5.
G. Song, F. Zhang, X. Zhang, X. Gao, X. Zhu, D. Fan, Y. Tian, AcrlIA5 inhibits a
broad range of Cas9 orthologs by preventing DNA target cleavage, Cell Reports 29
(9) (2019) 2579-2589.e4.

K.E. Watters, H. Shivram, C. Fellmann, R.J. Lew, B. McMahon, J.A. Doudna,
Potent CRISPR-Cas9 inhibitors from Staphylococcus genomes, Proc. Natl. Acad.
Sci. 117 (12) (2020) 6531-6539.

K.E. Watters, C. Fellmann, H.B. Bai, S.M. Ren, J.A. Doudna, Systematic discovery
of natural CRISPR-Cas12a inhibitors, Science 362 (6411) (2018) 236-239.

N.D. Marino, J.Y. Zhang, A.L. Borges, A.A. Sousa, L.M. Leon, B.J. Rauch, R.

T. Walton, J.D. Berry, J.K. Joung, B.P. Kleinstiver, J. Bondy-Denomy, Discovery of
widespread type I and type V CRISPR-Cas inhibitors, Science 362 (6411) (2018)
240-242.

J. Bondy-Denomy, B. Garcia, S. Strum, M. Du, M.F. Rollins, Y. Hidalgo-Reyes,
B. Wiedenheft, K.L. Maxwell, A.R. Davidson, Multiple mechanisms for
CRISPR-Cas inhibition by anti-CRISPR proteins, Nature 526 (7571) (2015)
136-139.

X. Wang, D. Yao, J.-G. Xu, A.-R. Li, J. Xu, P. Fu, Y. Zhou, Y. Zhu, Structural basis
of Cas3 inhibition by the bacteriophage protein AcrF3, Nat. Struct. Mol. Biol. 23
(9) (2016) 868-870.

L.B. Harrington, K.W. Doxzen, E. Ma, J.-J. Liu, G.J. Knott, A. Edraki, B. Garcia,
N. Amrani, J.S. Chen, J.C. Cofsky, P.J. Kranzusch, E.J. Sontheimer, A.

R. Davidson, K.L. Maxwell, J.A. Doudna, A broad-spectrum inhibitor of CRISPR-
Cas9, Cell 170 (6) (2017) 1224-1233.e15.

D.e. Dong, M. Guo, S. Wang, Y. Zhu, S. Wang, Z. Xiong, J. Yang, Z. Xu, Z. Huang,
Structural basis of CRISPR-SpyCas9 inhibition by an anti-CRISPR protein, Nature
546 (7658) (2017) 436-439.

G.J. Knott, B.W. Thornton, M.J. Lobba, J.-J. Liu, B. Al-Shayeb, K.E. Watters, J.
A. Doudna, Broad-spectrum enzymatic inhibition of CRISPR-Cas12a, Nat. Struct.
Mol. Biol. 26 (4) (2019) 315-321.

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]
[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]
[971

[98]

[99]

Biochemical Pharmacology xxx (xxxx) Xxx

L. Dong, X. Guan, N. Li, F. Zhang, Y. Zhu, K. Ren, L. Yu, F. Zhou, Z. Han, N. Gao,
Z. Huang, An anti-CRISPR protein disables type V Casl2a by acetylation, Nat.
Struct. Mol. Biol. 26 (4) (2019) 308-314.

K.J. Seamon, Y.K. Light, E.A. Saada, J.S. Schoeniger, B. Harmon, Versatile high-
throughput fluorescence assay for monitoring Cas9 activity, Anal. Chem. 90 (11)
(2018) 6913-6921.

L. Jin, W. Wang, G. Fang, Targeting protein-protein interaction by small
molecules, Annu. Rev. Pharmacol. Toxicol. 54 (1) (2014) 435-456.

B. Maji, S.A. Gangopadhyay, M. Lee, M. Shi, P. Wu, R. Heler, B. Mok, D. Lim, S.
U. Siriwardena, B. Paul, V. Dancik, A. Vetere, M.F. Mesleh, L.A. Marraffini, D.
R. Liu, P.A. Clemons, B.K. Wagner, A. Choudhary, A high-throughput platform to
identify small-molecule inhibitors of CRISPR-Cas9, Cell 177 (4) (2019)
1067-1079.€19.

I. Kim, et al., Solution structure and dynamics of anti-CRISPR AcrIIA4, the Cas9
inhibitor, Sci. Rep. 8 (2018) 1-9.

Y. Kim, S.J. Lee, H.-J. Yoon, N.-K. Kim, B.-J. Lee, J.-Y. Suh, Anti-CRISPR AcrIIC3
discriminates between Cas9 orthologs via targeting the variable surface of the
HNH nuclease domain, The FEBS journal 286 (23) (2019) 4661-4674.

K.M. Davis, V. Pattanayak, D.B. Thompson, J.A. Zuris, D.R. Liu, Small
molecule-triggered Cas9 protein with improved genome-editing specificity, Nat.
Chem. Biol. 11 (5) (2015) 316-318.

V. Lépez Del Amo, B.S. Leger, K.J. Cox, S. Gill, A.L. Bishop, G.D. Scanlon, J.

A. Walker, V.M. Gantz, A. Choudhary, Small-molecule control of super-Mendelian
inheritance in gene drives, Cell reports 31 (13) (2020) 107841, https://doi.org/
10.1016/j.celrep.2020.107841.

Y. Wu, L. Yang, T. Chang, F. Kandeel, J.-K. Yee, A small molecule-controlled Cas9
repressible system, Mol. Therapy-Nucleic Acids 19 (2020) 922-932.

Z.J. Kartje, C.L. Barkau, K.J. Rohilla, E.A. Ageely, K.T. Gagnon, Chimeric guides
probe and enhance Cas9 biochemical activity, Biochemistry 57 (21) (2018)
3027-3031.

D. O’Reilly, et al. CRISPR RNA modification reveals chemical compatibility and
A-form structure requirements for Cas9 biochemical activity. in review (2018).
C.L. Barkau, D. O'Reilly, K.J. Rohilla, M.J. Damha, K.T. Gagnon, Rationally
designed anti-CRISPR nucleic acid inhibitors of CRISPR-Cas9, Nucleic Acid Ther.
29 (3) (2019) 136-147.

A. Khvorova, J.K. Watts, The chemical evolution of oligonucleotide therapies of
clinical utility, Nat. Biotechnol. 35 (3) (2017) 238-248.

S.F. Dowdy, M. Levy, Mary Ann Liebert, Inc. 140 Huguenot Street, 3rd Floor New
Rochelle, NY 10801 USA, 2018.

D.R. Scoles, E.V. Minikel, S.M. Pulst, Antisense oligonucleotides: a primer,
Neurol. Genetics 5 (2) (2019) €323, https://doi.org/10.1212/
NXG.0000000000000323.

J. Riiger, S. Ioannou, D. Castanotto, C.A. Stein, Oligonucleotides to the (gene)
rescue: FDA approvals 2017-2019, Trends Pharmacol. Sci. 41 (1) (2020) 27-41.
P.C. Zamecnik, M.L. Stephenson, Inhibition of Rous sarcoma virus replication and
cell transformation by a specific oligodeoxynucleotide, Proc. Natl. Acad. Sci. 75
(1) (1978) 280-284.

M.L. Stephenson, P.C. Zamecnik, Inhibition of Rous sarcoma viral RNA
translation by a specific oligodeoxyribonucleotide, Proc. Natl. Acad. Sci. 75 (1)
(1978) 285-288.

J. Minshull, T. Hunt, The use of single-stranded DNA and RNase H to promote
quantitative ‘hybrid arrest of translation’of mRNA/DNA hybrids in reticulocyte
lysate cell-free translations, Nucleic Acids Res. 14 (16) (1986) 6433-6451.

V. Brown-Driver, T. Eto, E. Lesnik, K.P. Anderson, R.C. Hanecak, Inhibition of
translation of hepatitis C virus RNA by 2’-modified antisense oligonucleotides,
Antisense Nucl. Acid Drug Dev. 9 (2) (1999) 145-154.

T.A. Vickers, S.T. Crooke, E. Buratti, Antisense oligonucleotides capable of
promoting specific target mRNA reduction via competing RNase H1-dependent
and independent mechanisms, PLoS ONE 9 (10) (2014) e108625, https://doi.org/
10.1371/journal.pone.010862510.1371/journal.pone.0108625.g001.

N. Dias, S. Dheur, P.E. Nielsen, S. Gryaznov, A. Van Aerschot, P. Herdewijn,

C. Hélene, T.E. Saison-Behmoaras, Antisense PNA tridecamers targeted to the
coding region of Ha-ras mRNA arrest polypeptide chain elongation, J. Mol. Biol.
294 (2) (1999) 403-416.

S. Sasaki, R. Sun, H.-H. Bui, J.R. Crosby, B.P. Monia, S. Guo, Steric inhibition of 5
UTR regulatory elements results in upregulation of human CFTR, Mol. Ther. 27
(10) (2019) 1749-1757.

A. Fire, SiQun Xu, M.K. Montgomery, S.A. Kostas, S.E. Driver, C.C. Mello, Potent
and specific genetic interference by double-stranded RNA in Caenorhabditis
elegans, Nature 391 (6669) (1998) 806-811.

S.M. Elbashir, J. Harborth, W. Lendeckel, A. Yalcin, K. Weber, T. Tuschl, Duplexes
of 21-nucleotide RNAs mediate RNA interference in cultured mammalian cells,
Nature 411 (6836) (2001) 494-498.

C.M. Perry, J.A. Barman Balfour, Fomivirsen, Drugs 57 (3) (1999) 375-380.

A. Aartsma-Rus, D.R. Corey, The 10th oligonucleotide therapy approved:
golodirsen for duchenne muscular dystrophy, Nucleic Acid Ther. 30 (2) (2020)
67-70.

A. Mullard, N-of-1 drugs push biopharma frontiers, Nat. Rev. Drug Discovery 19
(3) (2020) 151-153.

J. Kim, C. Hu, C. Moufawad El Achkar, L.E. Black, J. Douville, A. Larson, M.

K. Pendergast, S.F. Goldkind, E.A. Lee, A. Kuniholm, A. Soucy, J. Vaze, N.R. Belur,
K. Fredriksen, I. Stojkovska, A. Tsytsykova, M. Armant, R.L. DiDonato, J. Choi,
L. Cornelissen, L.M. Pereira, E.F. Augustine, C.A. Genetti, K. Dies, B. Barton,

L. Williams, B.D. Goodlett, B.L. Riley, A. Pasternak, E.R. Berry, K.A. Pflock,

S. Chu, C. Reed, K. Tyndall, P.B. Agrawal, A.H. Beggs, P.E. Grant, D.K. Urion, R.
O. Snyder, S.E. Waisbren, A. Poduri, P.J. Park, A.l. Patterson, A. Biffi, J.


https://doi.org/10.1126/sciadv.aay0187
https://doi.org/10.1126/sciadv.aay0187
https://doi.org/10.3390/cells9071608
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0240
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0240
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0240
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0245
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0245
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0245
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0250
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0250
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0250
https://doi.org/10.1126/sciadv.1701620
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0260
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0260
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0260
https://doi.org/10.1038/s41467-019-10140-0
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0270
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0270
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0270
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0275
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0275
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0275
https://doi.org/10.1128/mBio.00896-14
https://doi.org/10.1128/mBio.00896-14
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0285
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0285
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0285
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0290
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0290
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0290
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0295
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0295
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0295
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0300
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0300
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0300
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0305
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0305
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0305
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0305
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0310
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0310
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0310
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0315
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0315
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0315
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0320
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0320
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0325
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0325
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0325
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0325
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0330
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0330
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0330
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0330
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0335
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0335
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0335
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0340
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0340
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0340
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0340
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0345
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0345
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0345
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0350
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0350
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0350
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0355
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0355
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0355
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0360
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0360
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0360
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0365
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0365
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0370
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0370
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0370
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0370
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0370
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0375
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0375
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0380
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0380
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0380
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0385
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0385
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0385
https://doi.org/10.1016/j.celrep.2020.107841
https://doi.org/10.1016/j.celrep.2020.107841
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0395
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0395
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0400
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0400
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0400
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0410
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0410
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0410
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0415
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0415
https://doi.org/10.1212/NXG.0000000000000323
https://doi.org/10.1212/NXG.0000000000000323
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0430
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0430
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0435
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0435
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0435
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0440
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0440
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0440
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0445
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0445
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0445
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0450
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0450
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0450
https://doi.org/10.1371/journal.pone.010862510.1371/journal.pone.0108625.g001
https://doi.org/10.1371/journal.pone.010862510.1371/journal.pone.0108625.g001
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0460
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0460
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0460
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0460
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0465
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0465
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0465
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0470
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0470
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0470
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0475
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0475
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0475
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0480
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0485
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0485
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0485
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0490
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0490
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0495
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0495
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0495
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0495
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0495
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0495
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0495

C.L. Barkau et al.

[100]
[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]
[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

R. Mazzulli, O. Bodamer, C.B. Berde, T.W. Yu, Patient-customized oligonucleotide
therapy for a rare genetic disease, N. Engl. J. Med. 381 (17) (2019) 1644-1652.
D. Wang, P.W.L. Tai, G. Gao, Adeno-associated virus vector as a platform for gene
therapy delivery, Nat. Rev. Drug Discovery 18 (5) (2019) 358-378.

B. Zetsche, S.E. Volz, F. Zhang, A split-Cas9 architecture for inducible genome
editing and transcription modulation, Nat. Biotechnol. 33 (2) (2015) 139-142.
F.A. Ran, L.e. Cong, W.X. Yan, D.A. Scott, J.S. Gootenberg, A.J. Kriz, B. Zetsche,
O. Shalem, X. Wu, K.S. Makarova, E.V. Koonin, P.A. Sharp, F. Zhang, In vivo
genome editing using Staphylococcus aureus Cas9, Nature 520 (7546) (2015)
186-191.

C. Mueller, T.R. Flotte, Clinical gene therapy using recombinant adeno-associated
virus vectors, Gene Ther. 15 (11) (2008) 858-863.

J. Lee, H. Mou, R. Ibraheim, S.-Q. Liang, P. Liu, W. Xue, E.J. Sontheimer, Tissue-
restricted genome editing in vivo specified by microRNA-repressible anti-CRISPR
proteins, RNA 25 (11) (2019) 1421-1431.

W.A. Weiss, S.S. Taylor, K.M. Shokat, Recognizing and exploiting differences
between RNAi and small-molecule inhibitors, Nat. Chem. Biol. 3 (12) (2007)
739-744.

F. Eckstein, H. Gindl, Polyribonucleotides containing a phosphorothioate
backbone, Eur. J. Biochem. 13 (3) (1970) 558-564.

P.L. Iversen, S. Zhu, A. Meyer, G. Zon, Cellular uptake and subcellular distribution
of phosphorothioate oligonucleotides into cultured cells, Antisense Res. Dev. 2 (3)
(1992) 211-222.

C. Stein, J.S. Cohen, Oligodeoxynucleotides 97-117, Springer, 1989.

F. Eckstein, Phosphorothioates, essential components of therapeutic
oligonucleotides, Nucleic Acid Ther. 24 (6) (2014) 374-387.

X.-H. Liang, H. Sun, W. Shen, S.T. Crooke, Identification and characterization of
intracellular proteins that bind oligonucleotides with phosphorothioate linkages,
Nucleic Acids Res. 43 (5) (2015) 2927-2945.

N. Martin-Pintado, M. Yahyaee-Anzahaee, R. Campos-Olivas, A.M. Noronha, C.
J. Wilds, M.J. Damha, C. Gonzéalez, The solution structure of double helical
arabino nucleic acids (ANA and 2’F-ANA): effect of arabinoses in duplex-hairpin
interconversion, Nucleic Acids Res. 40 (18) (2012) 9329-9339.

M. Takahashi, H. Li, J. Zhou, P. Chomchan, V. Aishwarya, M.J. Damha, J.J. Rossi,
Dual mechanisms of action of self-delivering, anti-HIV-1 FANA oligonucleotides
as a potential new approach to HIV therapy, Mol. Therapy-Nucleic Acids 17
(2019) 615-625.

N. Souleimanian, et al., Antisense 2’-deoxy, 2’-fluroarabino nucleic acids (2'F-
ANAs) oligonucleotides. In vitro gymnotic silencers of gene expression whose
potency is enhanced by fatty acids, Mol. Ther. Nucleic Acids 1 (2012), e43.

S. Agrawal, X. Zhang, Z. Lu, H. Zhao, J.M. Tamburin, J. Van, H. Cai, R.B. Diasio,
I. Habus, Z. Jiang, R.P. Iyer, D. Yu, R. Zhang, Absorption, tissue distribution and
in vivo stability in rats of a hybrid antisense oligonucleotide following oral
administration, Biochem. Pharmacol. 50 (4) (1995) 571-576.

A.M. Kawasaki, M.D. Casper, S.M. Freier, E.A. Lesnik, M.C. Zounes, L.L. Cummins,
C. Gonzalez, P.D. Cook, Uniformly modified 2’-deoxy-2’-fluoro phosphorothioate
oligonucleotides as nuclease-resistant antisense compounds with high affinity and
specificity for RNA targets, J. Med. Chem. 36 (7) (1993) 831-841.

K. Fluiter, et al., In vivo tumor growth inhibition and biodistribution studies of
locked nucleic acid (LNA) antisense oligonucleotides, Nucleic Acids Res. 31
(2003) 953-962.

C.A. Stein, J.B. Hansen, J. Lai, SiJian Wu, A. Voskresenskiy, A. Hog, J. Worm,
M. Hedtjérn, N. Souleimanian, P. Miller, H.S. Soifer, D. Castanotto,

L. Benimetskaya, H. @rum, T. Koch, Efficient gene silencing by delivery of locked
nucleic acid antisense oligonucleotides, unassisted by transfection reagents,
Nucleic Acids Res. 38 (2010) e3.

F. Hillebrand, P. Ostermann, L. Miiller, D. Degrandi, S. Erkelenz, M. Widera,

K. Pfeffer, H. Schaal, Gymnotic delivery of LNA mixmers targeting viral SREs
induces HIV-1 mRNA degradation, Int. J. Mol. Sci. 20 (5) (2019) 1088.

P. Jarver, L. O’'Donovan, M.J. Gait, A chemical view of oligonucleotides for exon
skipping and related drug applications, Nucleic Acid Ther. 24 (1) (2014) 37-47.
A. Biscans, A. Coles, R. Haraszti, D. Echeverria, M. Hassler, M. Osborn,

A. Khvorova, Diverse lipid conjugates for functional extra-hepatic siRNA delivery
in vivo, Nucleic Acids Res. 47 (3) (2019) 1082-1096.

J. Soutschek, A. Akinc, B. Bramlage, K. Charisse, R. Constien, M. Donoghue,

S. Elbashir, A. Geick, P. Hadwiger, J. Harborth, M. John, V. Kesavan, G. Lavine, R.
K. Pandey, T. Racie, K.G. Rajeev, I. Rohl, I. Toudjarska, G. Wang, S. Wuschko,
D. Bumcrot, V. Koteliansky, S. Limmer, M. Manoharan, H.-P. Vornlocher,
Therapeutic silencing of an endogenous gene by systemic administration of
modified siRNAs, Nature 432 (7014) (2004) 173-178.

T. Shmushkovich, K.R. Monopoli, D. Homsy, D. Leyfer, M. Betancur-Boissel,

A. Khvorova, A.D. Wolfson, Functional features defining the efficacy of
cholesterol-conjugated, self-deliverable, chemically modified siRNAs, Nucleic
Acids Res. 46 (20) (2018) 10905-10916.

C. Wolfrum, S. Shi, K.N. Jayaprakash, M. Jayaraman, G. Wang, R.K. Pandey, K.
G. Rajeev, T. Nakayama, K. Charrise, E.M. Ndungo, T. Zimmermann,

V. Koteliansky, M. Manoharan, M. Stoffel, Mechanisms and optimization of in
vivo delivery of lipophilic siRNAs, Nat. Biotechnol. 25 (10) (2007) 1149-1157.
M.F. Osborn, A.H. Coles, A. Biscans, R.A. Haraszti, L. Roux, S. Davis, S. Ly,

D. Echeverria, M.R. Hassler, B.M.D.C. Godinho, M. Nikan, A. Khvorova,

10

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]
[138]
[139]
[140]
[141]

[142]

[143]

[144]

[145]
[146]

[147]

Biochemical Pharmacology xxx (xxxx) xxx

Hydrophobicity drives the systemic distribution of lipid-conjugated siRNAs via
lipid transport pathways, Nucleic Acids Res. 47 (3) (2019) 1070-1081.

M. Tanowitz, L. Hettrick, A. Revenko, G.A. Kinberger, T.P. Prakash, P.P. Seth,
Asialoglycoprotein receptor 1 mediates productive uptake of N-
acetylgalactosamine-conjugated and unconjugated phosphorothioate antisense
oligonucleotides into liver hepatocytes, Nucleic Acids Res. 45 (21) (2017)
12388-12400.

J.K. Nair, J.L.S. Willoughby, A. Chan, K. Charisse, M.R. Alam, Q. Wang,

M. Hoekstra, P. Kandasamy, A.V. Kel’in, S. Milstein, N. Taneja, J. O’Shea,

S. Shaikh, L. Zhang, R.J. van der Sluis, M.E. Jung, A. Akinc, R. Hutabarat,

S. Kuchimanchi, K. Fitzgerald, T. Zimmermann, T.J.C. van Berkel, M.A. Maier, K.
G. Rajeev, M. Manoharan, Multivalent N-acetylgalactosamine-conjugated siRNA
localizes in hepatocytes and elicits robust RNAi-mediated gene silencing, J. Am.
Chem. Soc. 136 (49) (2014) 16958-16961.

S.D. Goldberg, et al., Engineering a targeted delivery platform using Centyrins,
Protein Eng. Des. Sel. 29 (2016) 563-572.

Y.-d. Yao, T.-m. Sun, S.-y. Huang, S. Dou, L. Lin, J.-n. Chen, J.-b. Ruan, C.-q. Mao,
F.-y. Yu, M.-s. Zeng, J.-y. Zang, Q. Liu, F.-x. Su, P. Zhang, J. Lieberman, J. Wang,
E. Song, Targeted delivery of PLK1-siRNA by ScFv suppresses Her2+ breast
cancer growth and metastasis, Sci. Transl. Med. 4 (130) (2012) 130ra48.

P. Kumar, H.-S. Ban, S.-S. Kim, H. Wu, T. Pearson, D.L. Greiner, A. Laouar, J. Yao,
V. Haridas, K. Habiro, Y.-G. Yang, J.-H. Jeong, K.-Y. Lee, Y.-H. Kim, S.W. Kim,
M. Peipp, G.H. Fey, N. Manjunath, L.D. Shultz, S.-K. Lee, P. Shankar, T cell-
specific siRNA delivery suppresses HIV-1 infection in humanized mice, Cell 134
(4) (2008) 577-586.

T. Sugo, M. Terada, T. Oikawa, K. Miyata, S. Nishimura, E. Kenjo, M. Ogasawara-
Shimizu, Y. Makita, S. Imaichi, S. Murata, K. Otake, K. Kikuchi, M. Teratani,

Y. Masuda, T. Kamei, S. Takagahara, S. Ikeda, T. Ohtaki, H. Matsumoto,
Development of antibody-siRNA conjugate targeted to cardiac and skeletal
muscles, J. Control. Release 237 (2016) 1-13.

T.L. Cuellar, D. Barnes, C. Nelson, J. Tanguay, S.-F. Yu, X. Wen, S.J. Scales,

J. Gesch, D. Davis, A. van Brabant Smith, D. Leake, R. Vandlen, C.W. Siebel,
Systematic evaluation of antibody-mediated siRNA delivery using an industrial
platform of THIOMAB-siRNA conjugates, Nucleic Acids Res. 43 (2) (2015)
1189-1203.

A.E. Arnold, E. Malek-Adamian, P.U. Le, A. Meng, S. Martinez-Montero,

K. Petrecca, M.J. Damha, M.S. Shoichet, Antibody-antisense oligonucleotide
conjugate downregulates a key gene in glioblastoma stem cells, Mol. Therapy-
Nucl. Acids 11 (2018) 518-527.

M.R. Alam, V. Dixit, H. Kang, Z.-B. Li, X. Chen, JoAnn Trejo, M. Fisher, R.

L. Juliano, Intracellular delivery of an anionic antisense oligonucleotide via
receptor-mediated endocytosis, Nucleic Acids Res. 36 (8) (2008) 2764-2776.
J.O. McNamara, E.R. Andrechek, Y. Wang, K.D. Viles, R.E. Rempel, E. Gilboa, B.
A. Sullenger, P.H. Giangrande, Cell type-specific delivery of siRNAs with
aptamer-siRNA chimeras, Nat. Biotechnol. 24 (8) (2006) 1005-1015.

G. McClorey, S. Banerjee, Cell-penetrating peptides to enhance delivery of
oligonucleotide-based therapeutics, Biomedicines 6 (2) (2018) 51, https://doi.
org/10.3390/biomedicines6020051.

S.C. Semple, A. Akinc, J. Chen, A.P. Sandhu, B.L. Mui, C.K. Cho, D.W.Y. Sah,
D. Stebbing, E.J. Crosley, E.d. Yaworski, .M. Hafez, J.R. Dorkin, J. Qin, K. Lam, K.
G. Rajeev, K.F. Wong, L.B. Jeffs, L. Nechev, M.L. Eisenhardt, M. Jayaraman,

M. Kazem, M.A. Maier, M. Srinivasulu, M.J. Weinstein, Q. Chen, R. Alvarez, S.
A. Barros, S. De, S.K. Klimuk, T. Borland, V. Kosovrasti, W.L. Cantley, Y.K. Tam,
M. Manoharan, M.A. Ciufolini, M.A. Tracy, A. de Fougerolles, I. MacLachlan, P.
R. Cullis, T.D. Madden, M.J. Hope, Rational design of cationic lipids for siRNA
delivery, Nat. Biotechnol. 28 (2) (2010) 172-176.

A.R. de Fougerolles, Delivery vehicles for small interfering RNA in vivo, Hum.
Gene Ther. 19 (2) (2008) 125-132.

R.L. Juliano, S. Akhtar, Liposomes as a drug delivery system for antisense
oligonucleotides, Antisense Res. Dev. 2 (2) (1992) 165-176.

D. Kahne, W.C. Still, Hydrolysis of a peptide bond in neutral water, J. Am. Chem.
Soc. 110 (22) (1988) 7529-7534.

A.J. Meijer, P. Codogno, Regulation and role of autophagy in mammalian cells,
Int. J. Biochem. Cell Biol. 36 (12) (2004) 2445-2462.

M.H. Glickman, A. Ciechanover, The ubiquitin-proteasome proteolytic pathway:
destruction for the sake of construction, Physiol. Rev. 82 (2) (2002) 373-428.
D. Matsumoto, H. Tamamura, W. Nomura, A cell cycle-dependent CRISPR-Cas9
activation system based on an anti-CRISPR protein shows improved genome
editing accuracy, Commun. Biol. 3 (2020) 1-10.

M.J. Garle, J.H. Fentem, J.R. Fry, In vitro cytotoxicity tests for the prediction of
acute toxicity in vivo, Toxicol. In Vitro 8 (6) (1994) 1303-1312.

S. Andersson, M. Antonsson, M. Elebring, R. Jansson-Lofmark, L. Weidolf, Drug
metabolism and pharmacokinetic strategies for oligonucleotide-and mRNA-based
drug development, Drug Discovery Today 23 (10) (2018) 1733-1745.

T.L.H. Jason, J. Koropatnick, R.W. Berg, Toxicology of antisense therapeutics,
Toxicol. Appl. Pharmacol. 201 (1) (2004) 66-83.

A.S. Alharbi, et al., Rational design of antisense oligonucleotides modulating the
activity of TLR7/8 agonists, Nucleic Acids Res. 48 (2020) 7052-7065.

M. Dirin, J. Winkler, Influence of diverse chemical modifications on the ADME
characteristics and toxicology of antisense oligonucleotides, Expert Opin. Biol.
Therapy 13 (6) (2013) 875-888.


http://refhub.elsevier.com/S0006-2952(21)00088-5/h0495
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0495
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0500
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0500
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0505
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0505
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0510
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0510
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0510
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0510
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0515
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0515
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0520
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0520
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0520
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0525
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0525
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0525
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0530
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0530
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0535
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0535
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0535
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0540
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0545
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0545
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0550
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0550
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0550
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0555
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0555
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0555
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0555
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0560
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0560
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0560
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0560
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0565
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0565
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0565
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0570
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0570
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0570
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0570
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0575
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0575
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0575
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0575
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0580
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0580
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0580
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0585
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0585
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0585
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0585
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0585
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0590
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0590
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0590
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0595
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0595
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0600
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0600
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0600
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0605
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0605
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0605
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0605
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0605
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0605
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0610
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0610
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0610
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0610
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0615
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0615
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0615
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0615
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0620
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0620
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0620
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0620
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0625
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0625
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0625
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0625
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0625
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0630
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0630
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0630
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0630
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0630
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0630
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0630
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0635
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0635
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0640
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0640
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0640
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0640
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0645
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0645
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0645
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0645
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0645
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0650
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0650
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0650
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0650
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0650
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0655
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0655
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0655
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0655
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0655
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0660
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0660
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0660
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0660
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0665
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0665
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0665
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0670
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0670
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0670
https://doi.org/10.3390/biomedicines6020051
https://doi.org/10.3390/biomedicines6020051
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0680
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0680
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0680
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0680
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0680
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0680
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0680
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0680
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0685
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0685
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0690
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0690
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0695
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0695
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0700
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0700
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0705
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0705
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0710
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0710
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0710
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0715
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0715
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0720
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0720
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0720
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0725
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0725
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0730
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0730
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0735
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0735
http://refhub.elsevier.com/S0006-2952(21)00088-5/h0735

	Small nucleic acids and the path to the clinic for anti-CRISPR
	1 Introduction
	2 Why inhibit CRISPR-Cas?
	3 Anti-CRISPR (Acr) proteins
	3.1 Acr protein mechanisms

	4 Small molecules
	5 Small nucleic acid-based inhibitors (SNuBs)
	6 Therapeutic nucleic acids
	7 The challenge of delivery
	7.1 Delivery of Anti-CRISPR proteins
	7.2 Delivery of small molecules
	7.3 Delivery of CRISPR-SNuBs

	8 Metabolism and safety concerns of Anti-CRISPRs
	8.1 Acr protein metabolism
	8.2 Metabolism of small molecule inhibitors
	8.3 Metabolism of nucleic acid inhibitors

	9 Conclusion
	CRediT authorship contribution statement
	Acknowledgement
	References


