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Repurposing CRISPR-Cas systems
as DNA-based smart antimicrobials

Rodolphe Barrangou & David G Ousterout

The molecular machines from CRISPR-Cas immune systems provide ver-
satile platforms for programmable targeting of DNA, which is common-
ly used to edit eukaryotic genomes, transcriptomes and epigenomes.
Recently, CRISPR-Cas systems have been repurposed as specific anti-
microbials, given their ability to selectively target and degrade bacterial
DNA. Endogenous Cas nucleases can be redirected against pathogenic
bacterial chromosomes using self-targeting CRISPR arrays to drive highly
specific programmed cell death through targeted DNA damage. Likewise,
complete CRISPR-Cas systems can be delivered to bacteria responsible
for infectious disease to drive the genesis of lethal DNA breaks. Here,
we discuss the various CRISPR-Cas systems and their potential exploita-
tion to create weaponized phages as vectors for effective and selective
eradication of bacterial pathogens. This opens new avenues for infectious
disease therapies and the engineering of microbiome composition, while
addressing the challenges inherent to broad-spectrum antibiotics, en-
abling selective eradication of pathogens and preventing the selection for
antibiotic resistance.
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The repurposing of effector nucleases
from clustered regularly interspaced
short palindromic repeats (CRISPR)
-Cas systems has fueled the genome
editing revolution, with the ability of
Cas9 to rapidly and specifically tar-
get DNA sequences of interest [1,2].
CRISPR-based  technologies have

been adapted for numerous uses in
therapeutics, biotechnology, agricul-
ture and basic research [3]. However,
the use of these systems in their na-
tive context has been relatively un-
derexploited in bacteria [4,5]. Despite
their colloquial use as gene editing
machines, CRISPR-Cas systems in
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nature function as adaptive immuni-
ty in bacteria and archaea [6]. These
systems hinge on DNA-encoded [7],
RNA-mediated [8], DNA-targeting
processes [9,10] to fend off invasive
genetic elements such as bacterio-
phages and plasmids. These systems
were originally identified in E. coli in
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the 1980s [11], repeatedly observed
in the genomes of many bacteria and
most archaea in the early 2000s [12],
and have been characterized in the
past decade [13]. Recently, these sys-
tems have been repurposed to induce
programmed cell death by redirecting
effector nucleases towards the bacte-
rial chromosome using self-targeting
CRISPR spacers [14]. The relative
paucity and inefficiency of DNA re-
pair pathways render self-targeting
CRISPR events lethal [15,16].

Whereas the discovery of CRIS-
PR-Cas immune systems and their
harnessing for genome editing is
relatively recent [13], the historical
use and abuse of broad spectrum
antibiotics has led to the ongoing
rise of antimicrobial resistance in
pathogenic bacteria, creating a size-
able and rapidly rising concern for
medicine. Furthermore, as our un-
derstanding of the nature and role
of the human microbiome in health
and disease advances, the concerns
over the broad eradication of bac-
terial populations associated with
humans are rising [17,18]. Altogeth-
er, these trends have created a need
for the development of specific an-
timicrobials that selectively target
pathogenic bacteria, enable survival
of commensal and beneficial mi-
crobes and reduce the selective pres-
sure on antibiotic resistance genes.

Here, we review the use of CRIS-
PR-Cas systems to selectively erad-
icate bacterial populations and dis-
cuss their potential use in medicine
and other industries.

THE UNMET NEED FOR
NARROW SPECTRUM
ANTIBACTERIALS

Conventional  antibiotics  have
been remarkably cost-effective and
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efficacious therapeutic agents for
nearly eight decades. Historically,
the majority of these broad-spec-
trum antibiotics are derived from
five distinct functional classes of
antibiotics: P-lactams, cell wall/
membrane inhibitors, metabolism
inhibitors, protein synthesis inhib-
itors and RNA/DNA synthesis in-
hibitors [19]. This is the product of
reduced investment by large phar-
maceutical companies, resulting in a
lack of novel antibiotics, particular-
ly for gram-negative pathogens [20].
Conventional antibiotics may now
be facing rapid obsolescence due to
the well-publicized emergence and
rapidly increasing dissemination of
antibiotic resistance. Arguably, their
broad prescription in human medi-
cine, and also nearly ubiquitous use
and abuse in agriculture (for both
crops and animals) has created an
urgent need to develop alternatives,
to both provide enhanced antimi-
crobials and also counter the rise of
antibiotic resistance.

In parallel, the relatively recent
elucidation of the human micro-
biome [21] and its role in human
health affords a new and compelling
rationale to move away from the
‘scorch the earth’ approach underly-
ing broad spectrum antibiotics. The
past decade has laid the foundation
for a human microbiome renais-
sance, unearthing the many bene-
ficial bacteria that inhabit various
human tissues, organs and epithelia,
and studying their impact on hu-
man health. Bacterial dysbiosis has
been implicated in a number of ma-
jor human diseases such as diabetes,
obesity, cancer, gastrointestinal dis-
orders, neurological disorders [22]
and infectious diseases [23]. One
noteworthy example is the ability of
the healthy human gut microbiota
to prevent the onset of Clostridium




difficile infection (CDI), and colo-
nization resistance afforded by fecal
microbiota transplantations (FMTs)
[24]. Several studies have shown that
the use of broad-spectrum antibi-
otics in healthcare settings disrupts
the normal gut flora and creates
an environment amenable to CDI
onset, persistence and recurrence
[25,26]. As our understanding of mi-
crobiomes advances, and dedicated
studies identify the beneficial and
pathogenic bacteria involved in var-
ious human diseases, there is a need
for technologies that selectively al-
low the precise removal of infectious
disease agents. While additions and
replacements using ‘healthy donors’
are a potential solution, preventing
recurrence will rely on selective re-
moval of undesirable bacteria to
preserve the rest of the microbiome.
Furthermore, therapeutic regulatory
processes, safety, manufacturing and
consistent and predictable efficacy
favor selective therapies rather than
brute force colonization and whole-
sale formulations. Thus, next-gener-
ation antimicrobials that selectively
target specific bacteria offer desir-
able opportunities.

CRISPR-BASED ANTIBAC-
TERIAL TECHNOLOGIES

By nature, CRISPR-Cas systems
provide sequence-specific and efh-
cacious targeting and destruction of
invasive nucleic acids. Targeting of
chromosomal sequences by CRIS-
PR-Cas immune systems in bacteria
equates to an autoimmune disease
that is highly cytotoxic [16]. Indeed,
seminal  observations  exploring
CRISPR-Cas systems with self-tar-
geting spacers have shown that bac-
terial chromosome targeting by Cas
effector nucleases is lethal [15,27,28].

Exploiting this concept, it was estab-
lished that re-directing native Type
I CRISPR-Cas immune systems in
bacteria provided potent and pro-
grammable killing of bacteria in
vitro [29]. Shortly thereafter, studies
showed that CRISPR-Cas systems
could be engineered to drive the re-
moval of pathogenic bacteria iz vivo
[30,31]. These studies provided a ba-
sis for the elimination of select gen-
otypes from bacterial populations,
and the selection of harmful DNA
removal by screening for antibiotic
resistance gene removal, and the loss
of expendable genomic islands [32].
This body of work illustrates the
potential of CRISPR-based tech-
nologies for the selective removal of
pathogens, and the genesis of desir-
able genotypes that could compete
with pathogenic bacteria.

In nature, CRISPR-Cas systems
are a diverse collection of nucle-
ic acid targeting molecular ma-
chines [33,34] that hinge either on
a multi-protein effector complex
(class 1), such as Cascade-Cas3 or
single effector nuclease (class 2),
such as Cas9. Each class contains
multiple types, with types I and
III within class 1 the most diverse
and dominant in nature, followed
by type II within class 1 (Figure 1)
[35,36]. Overall, there are six major
types characterized to date, further
split into 19 subtypes depending on
the nature of the Cas proteins that
drive the various stages of CRISPR
immunity [37,38]. Based on cur-
rently known data, Type I systems
are the predominant DNA-target-
ing systems available in prokaryotes,
and occur broadly in numerous hu-
man pathogens [33]. Convenient-
ly, CRISPR-Cas systems can be
reprogrammed for sequence-spe-
cific targeting by engineering the
CRISPR spacer content (CRISPR
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—» FIGURE 1

CRISPR-Cas systems’ mechanism of action and diversity.
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CRISPR-Cas systems are divided into two classes, based on the nature of the effector
nuclease driving targeting, either a multi protein complex (class 1, shown on the left,
using type | as the model) or a single protein (class 2, shown in the right, using type Il
as the model). Firstly, during adaptation, short sequences of DNA are sampled from
viruses or plasmids and integrated as a novel spacer in an iterative manner, generating a
vaccination card. Subsequently, bacteria express immunity by transcription of CRISPR
arrays during the expression stage, with genesis of pre-CRISPR RNA (pre-crRNA), which
is processed into mature small interfering CRISPR RNAs (crRNAs), that each define one
target sequence derived from a spacer. Eventually, during the interference stage, each
crRNA guides an effector nuclease towards complementary nucleic acids for sequence-
specific targeting and degradation. In class 1 systems, type | uses the Cas3 exonuclease
to nick then chew the target DNA strand [43, 44]; type Ill uses Cas10 to shred the
target nucleic acid [57]; type IV remains uncharacterized [33]. In class 2 systems, type
Il uses the Cas9 endonuclease to generate two nicks that yield a double-stranded DNA
break [58,59]; type V uses Cas12 two offset nicks to yield sticky ends [60]; type VI
uses Cas13 to generate a cut in the target RNA sequence and then processes RNA non-
specifically to yield collateral damage [61].

array engineering), or by designing
a guide DNA encoding for a crR-
NA, which directs the Cas effector
nuclease for sequence-specific tar-
geting. In most cases, target recog-
nition hinges on the presence of a
protospacer-adjacent motif (PAM)
located in the immediate vicinity of
the target sequence [39-41], to ini-
tiate crRNA:Cas:target DNA com-

plex formation [42].
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Despite this diversity, type I sys-
tems account for the majority of all
CRISPR-Cas systems in nature and
hinge on the CRISPR Associat-
ed Complex for Antiviral DEfense
(CASCADE), and the signature
nuclease Cas3 (Figure 1). The Cas3
helicase/nuclease is a rare metal-de-
pendent 3" to 5" single strand exonu-
clease that nicks and then processes
the target strand in a sequence-specif-
ic manner (Figure 1) [43-47]. Perhaps
this reflects the efficiency and effica-
cy with which this particular system
nicks and then exonucleolytically
digests invasive DNA, rather than
the endonucleolytic Cas9, which
generates a double-stranded DNA
break (DSB). In many ways, Cas9 is
ideally suited for the genesis of DSBs
that generate blunt breaks prone to
fixing by the endogenous DNA re-
pair machinery, whereas Cas3 is
arguably preferable for the genesis of
extensive DNA damage, leading to
lethal and potentially more extensive
mutilation of the bacterial chromo-
some. Conveniently, Type I CRIS-
PR-Cas systems are widespread and
occur at a high frequency in numer-
ous bacterial pathogens [48], such as
Escherichia coli [49), Salmonella [50],
Clostridium difficile [51] and Pseudo-
monas aeruginosa [52]. Furthermore,
they are often natively active systems
in these pathogenic species, given
their sequence diversity, reflecting
different vaccination series of events
against phages by acquisition of var-
ious combinations of spacers over
space and time [48].

ENGINEERING & DELIVERY
OF CRISPR-BASED ANTI-
BACTERIAL PAYLOADS
Conceptually, there are two means
to repurpose CRISPR-Cas systems
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as sequence-specific antimicrobials: ~ streamlined type II systems are
co-opting native systems in patho- more portable alternatives that can
genic bacteria to trigger a lethal be more conveniently engineered.
autoimmune response or deliver a  For either system, it is necessary to
complete system de novo to target know the basic molecular processes
the bacterial chromosome. For the that drive targeting in order to de-
former, the sole need is to design sign guide RNAs accordingly. These
and deliver either a guide RNA parameters include the sequence,
(containing a processed spacer se- composition and boundaries of the
quence defining the target) or a processed crRNA, selecting a spacer
synthetic CRISPR array mimicking sequence targeting a proto-spacer
the native locus, carrying a self-tar-  associated with a PAM, and choos-
geting spacer [29]. For the latter, ing a particular locus of interest in
there is a need to deliver both the the target organism, which has the
CRISPR array and the Cas machin-  ideal specificity as to ensure selec-
ery to generate the crRNAs that tive targeting of a particular bacte-
will guide exogenous Cas nucleases  rial genotype [53,54]. Consequently,
towards the engineered target (Fig- it is paramount to have extensive
ure 2) [30,31]. genomic information about the tar-

Conveniently, the widespread geted species to ensure that all, but
occurrence of type I systems afford only strains within this species or
opportunities to just deliver CRIS-  genotype are targeted. Of course,
PR arrays to pathogenic bacteria the very nature of CRISPR arrays
that carry these loci. Conversely, enables multiplexed targeting by

—» FIGURE 2

Harnessing CRISPR-systems as antimicrobials.
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One option is to use phages to deliver a CRISPR array, which re-directs the native CRISPR-Cas machinery, preferably destructive Type
| systems, towards the host chromosome, and chew the target DNA strand using the Cas3 exonuclease (left). Another option is to use
phages to deliver a complete CRISPR-Cas system, preferably the streamlined Type Il system, which specifically targets chromosomal
sequences in the host to yield a double stranded DNA break, driving cell death (right).
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the concurrent provision of multi-
ple spacers in a single CRISPR ar-
ray. In terms of efficiency, the ability
to concurrently drive cytotoxicity
by using multiple targeting spacers
enables an increase in killing levels,
due to the multiplicity of escape
hurdles.

In terms of packaging and de-
livery,  bacteriophages  provide
convenient, portable, specific and
high-capacity vectors that drive
host-specific targeting and efh-
cient delivery of DNA into a bac-
terial host. Whereas classical phage
therapy relies on the ability of
the phage to take over the host to
achieve viral replication and host
death, using CRISPR-based tar-
geting relies on the host biology.
Indeed, in the case of repurposing
endogenous CRISPR-Cas systems,
CRISPR array transcription is the
sole requirement, since natively and
constitutively expressed Cas effector
nucleases can be harnessed. Further-
more, this strategy would enable the
use of either lytic or lysogenic phag-
es, broadening the delivery options.
While the utility of CRISPR-based
killing with lysogenic phages is ob-
vious, CRISPR-weaponized obli-
gate lytic phages may benefit from
improved cytotoxicity, rather than
relying on the viral replication life
cycle alone.

To date, two studies have illus-
trated the in vivo efficacy potential
of CRISPR-weaponized phage, one
showing temperate phage NM1 tar-
geting of Staphylococcus aureus [31],
and the other showing filamentous
phage M13 targeting of Escherichia
coli [30]. Another recent study has
shown how lambda phage can de-
liver CRISPR arrays and exploit en-
dogenous Type I CRISPR-Cas sys-
tems to (re-)sensitize Escherichia coli
strains to antibiotics, with potential
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applications in treating medical sur-
faces and/or personnel [55].

By nature, bacteriophage are
designed to inject viral DNA into
the host cell specifically, and effi-
ciently, so using the as delivery
vehicles is logical. Ironically, this
also constitutes virus-driven re-
purposing of an antiviral mecha-
nism to kill the host, rather than
enable viral resistance using a bac-
terial CRISPR-Cas immune sys-
tem. Importantly, the phage-based
delivery of CRISPR arrays affords
three levels of specificity, with: (1)
selective adhesion and injection of
viral DNA into the bona fide host;
(2) CRISPR-array and guide RNA
compatibility only with the corre-
sponding Cas machinery; (3) de-
signer-dependent selective target-
ing of sequences complementary
to the engineered CRISPR spacer.
Of course, there are no off-target
concerns to other bacterial genera,
species and strains, nor obviously
to human cells. Notwithstanding
the ease with which genome ed-
iting is now perceived in general,
the synthetic biology expertise nec-
essary to engineer bacteriophage
is still non-trivial, and requires
understanding of phage genome
malleability, engineering synthetic
CRISPR arrays and generating a
host-phage system that will yield
functional virions.

TRANSLATIONAL INSIGHT

As with any rising technology, the
therapeutic implementation of a
novel class of antimicrobials re-
quires a series of resources-intensive
studies to ensure efficacy and safe-
ty, as well as providing the neces-
sary foundation for manufacturing
processes and regulatory approval.




Classical IND-enabling  studies
encompassing  pharmacokinetic/
pharmacodynamics (PK/PD), ab-
sorption, distribution, metabolism
and excretion (ADME) and non-
GLP toxicology will be required.
While the studies to date provide
intriguing and compelling proof of
concept for CRISPR-based specific
antimicrobials, there is a need to
provide the necessary iz vivo data to
advance toward the clinic in treat-
ing human infectious disease.

A primary driver of clinical im-
plementation is ensuring the safety
of novel therapeutics, necessitating
the classical battery of animal in
vivo studies for toxicity, biologi-
cal availability and distribution,
and ultimately dosage and effica-
cy. This is a key advantage of using
CRISPR-Cas systems in their na-
tive bacterium, as the potential for
off-target activity in human cells is
virtually non-existent. With regards
to delivery of CRISPR-Cas compo-
nents to bacteria, the route of ad-
ministration will vary depending on
the site of infection, with intestinal
(oral), skin (topical), lung (aero-
sol), blood (intravenous), epithelial
(UTT) and tissue (local injection)
delivery options in play.

In  this regard, bacterio-
phage-based vectors are particularly
promising for pairing with CRIS-
PR technology as phage therapies
have an established, albeit short,
track record of safety in human
clinical trials [56]. As with any
phage-driven therapy, engineering,
formulation, selection and blend-
ing of cocktails, and manufactur-
ing of bacterial viruses each require
dedicated work streams to eventu-
ally formulate a stable therapeutic.
In particular, it will be important
to select bacteriophages with suf-
ficiently broad host range against

a target species. Being able to find
phages with naturally broad host
range would be helpful, and some
efforts are also underway to ratio-
nally expand structural features of
phage particles to render them able
to more promiscuously target hosts.
And while the process of phage
manufacturing is relatively straight-
forward, there are often manufac-
turing restrictions in the western
world for phage products, requiring
dedicated facilities to handle repli-
cative phage and enhanced phage
products. Beyond phage, there are
opportunities to also exploit learn-
ings from other CRISPR-based
technologies, notably genome ed-
iting, and benefit from alternative
delivery formats such as ribonucle-
oproteins, cell-penetrating peptides
and future delivery vehicles. As the
technology advances across the ap-
plication field, CRISPR-based an-
timicrobials will also benefit from
progress related to specificity, Cas
engineering and optimization,
guide selection and design and oth-
er technical improvements. While
on- versus off-targeting may need
to be improved, an advantage of
prokaryotic applications is fewer
concerns about specificity given the
much smaller genome sizes (reduc-
ing the probabilistic concerns about
off-targeting by several orders of
magnitude), and the intended out-
come (cell death).

Altogether, most of these chal-
lenges have individually been ad-
dressed before, but perhaps not in
combination, illustrating the chal-
lenges inherent to CRISPR-based
technologies to be delivered by bac-
teriophage for infectious disease. It
will be interesting to monitor the
balance between timeliness and
comprehensiveness as this tech-
nology advances to the clinic, and
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ascertain the level of urgency with
which investors and regulatory
agencies will fuel and enable prog-
ress, respectively. Furthermore, it
will be intriguing to gauge whether
there is a technological push to ex-
ploit CRISPR-based antimicrobials
to address orphan infectious dis-
eases (e.g., carbapenem-resistance
enterobacteriaceae), and the rise of
antibiotic resistance, or a market
pull to generate specific antimicro-
bials that enable specific removal
of undesirable genotypes within
microbiomes, as the bacteria associ-
ated with human diseases are iden-
tified. Of course, CRISPR-based
antimicrobials also hold tremen-
dous potential for implementation
in food, biotechnology and agricul-
ture (both crops and animals), and
future needs will determine whether
human therapeutics remain the pri-
mary driver of commercialization.
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