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The CRISPR-Cas9 gene editing systemhas taken the biomedical science field by storm, initiating rumors about fu-
ture Nobel Prizes and heating up a fierce patent war, but also making significant scientific impact. The Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR), together with CRISPR-associated proteins (Cas) are a
part of the prokaryotic adaptive immune system and have successfully been repurposed for genome editing in
mammalian cells. The CRISPR-Cas9 system has been used to correct genetic mutations and for replacing entire
genes, opening up a world of possibilities for the treatment of genetic diseases. In addition, recently some new
CRISPR-Cas systems have been discovered with interesting mechanistic variations. Despite these promising de-
velopments, many challenges have to be overcome before the system can be applied therapeutically in human
patients and enabling delivery technology is one of the key challenges. Furthermore, the relatively high off-target
effect of the system in its current form prevents it from being safely applied directly in the human body. In this
review, the transformation of the CRISPR-Cas gene editing systems into a therapeutic modality will be discussed
and the currently most realistic in vivo applications will be highlighted.
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1. Introduction

The CRISPR-Cas9 gene editing system has received a tremendous
amount of attention ever since the discovery of relevant mechanistic
features [1–4] in 2010–2011 and the first application in eukaryotes in
2012 [1]. CRISPR is short for Clustered Regularly Interspaced Short Pal-
indromic Repeats that direct the gene editing to a certain target and
Cas9 is the associated nuclease that cuts the DNA. Applications of the
system appear to be nearly endless, ranging from improving crop resis-
tance [5] to overcoming HIV infections [6] and the controversial human
embryo editing [7]. The most captivating application is the prospect of
being able to correct genetic defects in diseased tissues and cells [8], al-
though this may currently still be out of reach [9]. However, the system
being named the Science Magazine's Breakthrough of the Year 2015
[10] makes it undisputed that CRISPR-Cas9 is here to stay and it is al-
ready speculated that its inventors may receive a Nobel Prize within
the coming decade [7]. Similar to RNA interference, where a eukaryotic
defense system against viral infections is exploited to modulate gene
expression [11], this new genome editing systemmakes use of an adap-
tive immune system found in prokaryotes. There is a multitude of such
systems and CRISPR-Cas9 is certainly not the first one to be described
[12,13], but its simplicity and ease of use have sparked the interest of
logy, Wageningen University,

st).
researchers in diverse fields and initiated a run to clinical applications,
again very similar to the early days of RNAi [14,15]. To exploit this po-
tential, development of carrier systems capable of delivering the
CRISPR-Cas9 system to human cells is of utmost importance, taking les-
sons from the RNAi field where possible. In this review, the basic mech-
anism of CRISPR-Cas9 genome editing is explained and current and
potential therapeutic applications are highlighted. A special focus will
be on the delivery aspects of the system, discussing the requirements
for delivery vehicles to allow safe and effective ex vivo and in vivo ma-
nipulation for therapy in human patients.

2. CRISPR-Cas9 genome editing mechanism

Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR), together with CRISPR-associated proteins (Cas) are a part of
the adaptive immune system found in bacteria and archaea. This adap-
tive immune system can detect and destroy Mobile Genetic Elements
(MGEs) such as unwanted viral and plasmid DNA in a highly specific
manner. Asmentioned before, there are other bacteria-derived targeted
nucleases, like Meganucleases, TALEN (Transcription Activator-Like Ef-
fector Nucleases) or ZFN (Zinc Finger Nuclease), that are already being
translated into clinical application [16–19]. The CRISPR-Cas system is a
family of proteins, subdivided in Class 1 (Types I, III and IV) and Class
2 (Types II, V, VI) [12], all consisting of specific endonuclease proteins
(Cas) and a guide RNA molecule [20–23]. The guide RNA molecule
guides the Cas protein to a very specific MGE related DNA target (Fig.
1). This bacterial molecular machinery can be adapted for use in higher
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Fig. 1.Mechanism of CRISPR-Cas9 in prokaryotes and the adaptedmechanism in eukaryotes. A: In prokaryotes, the protospacer sequences acquired from invading pathogens are stored as
spacers in the CRISPR-loci, in the DNA flanked by CRISPR repeats. These are transcribed into a precursor (pre-crRNA) after which the repeats hybridize with anti-repeat sequences within
the tracrRNA. This dsRNA is recognized and cleaved by a housekeeping ribonuclease (RNaseIII), resulting in amature crRNA/tracrRNAhybrid that forms a stable complexwith Cas9. Upon a
viral invasion, it guides the nuclease to the target sequence in the DNA for cleavage. B: In eukaryotes, a sgRNA is used that combines the function of the crRNA and tracrRNA. This can be
expressed from a plasmid or frommRNA, alongside the Cas9 enzymewhich is not naturally present in eukaryotes. Alternatively, the sgRNA/Cas9 complex can be administered as awhole.
After translocation across the nuclear membrane (due to an engineered Nuclear Localization Signal; NLS) the heterologous complex cleaves the target sequence in the chromosomal DNA.
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organisms, in particular for gene-editing. To this end, the endonuclease
and the guide RNA have to be heterologously expressed. For this pur-
pose, a specific subtype of CRISPR-Cas is preferred: Class 2. The Class 2
CRISPR-Cas systems generally consist of a single multi-domain protein,
such as the Type II nuclease: Cas9 [21–23]. The relatively simple archi-
tecture of Class 2 nucleases (Cas9)makes them so easy to apply, as com-
pared to the large, multi-subunit protein Class 1 complexes.

2.1. CRISPR-Cas nucleases and guide RNAs

CRISPR-Cas based immunity in bacteria proceeds in three distinct
stages. The three stages are acquisition, expression and interference
[13,24].

2.1.1. Acquisition
As an adaptive defense system, bacteria and archaea collect se-

quences of foreign (plasmid or virus) DNA of 30–45 nucleotides long
and integrate them as new spacers in the repetitive CRISPR arrays. To
allow self/non-self-discrimination, foreign target sequences
(protospacers) are selected on the basis of a flanking motif, the
protospacer-adjacent motif (PAM).

2.1.2. Expression
During the expression stage, the CRISPR array is transcribed in one

large pre-crRNA and is subsequently processed into smaller CRISPR
RNAs (crRNAs). Each crRNA corresponds to one acquired foreign DNA
sequence, so expressionwill result in a pool of crRNAs that all recognize
a particular genetic element. The enzymes involved in this step vary be-
tween the different CRISPR-Cas subtypes. In the Cas9 system, the re-
peats of the pre-crRNA first hybridizes with a second, conserved RNA,
called the transactivating CRISPR RNA (tracrRNA), after which the
dsRNA is specifically cleaved by a non-Cas ribonuclease (RNaseIII). In
the system adapted for gene editing (Fig. 1B), these two RNAs are
fused and expressed together as a single guide RNA (sgRNA) [1].

2.1.3. Interference
In this stage, the Cas nucleases are guided by the mature crRNAs to

target and (in the presence of an adjacent PAMmotif) cleave the corre-
sponding protospacer sequences in invading MGEs when present.
Hybridization of the tracrRNA:crRNA/Cas9 complex - or the sgRNA/
Cas9 complex to the corresponding protospacer sequence results in
double stranded breaks and thereby inactivation of the invading DNA
[21,22,24]. For adaptation in eukaryotes, the sgRNA and the enzyme
have to be expressed, either from a plasmid or from delivered mRNA.
mRNA can be used for amore transient expression. For the same reason,
the Cas9 enzyme and the sgRNA complex can be directly administered,
as the half-life of the enzyme is even shorter than that of exogenous
mRNA. These strategies can be chosen to minimize off-target effects as
will be discussed later. Expression of multiple sgRNAs from the same
construct is called multiplexing, and can be used to target multiple
genes or to enhance the knock-out by targeting multiple sites in the
same gene [8].

2.2. PAM sequences

It should be noted that after integration of the invading DNA in the
CRISPR locus, the ‘foreign’ sequence is also present in the bacterial ge-
nome. To avoid cleavage of the DNA in the CRISPR locus, a safety mech-
anism is built into the crRNA-sequence. The PAM-sequence is part of the
MGEDNA, but is not copied into the CRISPR locus. Cas9-mediated cleav-
age of the target DNA only occurs when the PAM-sequence is present at
the 3′ end. When there is base-pair complementarity but no PAM-se-
quence, it indicates that the crRNA is bound to the CRISPR locus itself
and the sequence is then not degraded [25]. PAM sequences vary per
bacterial species [26]. The most widely used Cas9 nuclease is derived
from Streptococcus pyogenes (SpyCas9) and has GG as its PAM-se-
quence, meaning that every target protospacer sequence is located ad-
jacent to two guanine bases (protospacer-NGG) [1]. In the unlikely
case that this sequence is not present in the intended target DNA, anoth-
er Cas9 species could be used that binds to a different PAM sequence.

2.3. Non-homologous end joining (NHEJ) and homology-directed repair
(HDR)

Cleavage by the targeted nuclease results in a double stranded break
(DSB) at a desired sequence-specific location in the target DNA. In eu-
karyotes, this DSB can be repaired by two distinctmechanisms:Non-ho-
mologous end joining (NHEJ) or homology directed repair (HDR). NHEJ
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generates small insertions or deletions (indels) which can inactivate the
target sequence by inducing a frame-shift or introducing a pre-mature
stop codon. This method is applied for the rapid generation of knock-
out cell lines or animal models [27], functional genomic screens [28]
and other applications of transcriptional modulation/gene silencing
[29]. Alternatively, HDR repairs the DNA strands based on structural ho-
mology. In the naturally occurring situation, this could be homology to a
nearby located (and structurally related) gene or in therapeutic gene
editing, a co-expressed or co-delivered repair template. When two
DSBs are created this can result in complete excisions of a target gene
and even a provided donor DNA template sequence could be precisely
inserted into a specific target site [30–32] (Fig. 2). It should be noted
that the process of HDR is much less efficient than NHEJ and the
knock-in or replacement of a gene happens with much lower efficiency
than the knock-out of a gene using CRISPR-Cas9. This is also reflected by
the number of applications of NHEJ vs. HDR, as will be discussed in
Section 3.

To summarize, the Cas9 system is the most flexible and easiest sys-
tem to adapt, because it uses only a single enzyme that mediates both
the crRNA processing as well as the DNA cleavage. The specificity of
the targeted nuclease can be simply altered by replacing the guide
RNA, unlike ZFNs and TALENs that require protein engineering for
every new target. With CRISPR-Cas9, any 22 nucleotides long DNA se-
quence can be targeted as long as it is flanked by the NGG motif
(when SpyCas9 is used). In the simplest and most widely used applica-
tion of this system, where a genetic knock-out is made, only two com-
ponents need to be expressed in the host cell to cleave the target
gene: the Cas9 nuclease and the sgRNA. Guide RNAs can be expressed
from the same plasmid as the Cas9 protein,which is (human) codon op-
timized and contains a nuclear localization sequence (NLS) when ap-
plied in eukaryotes. Alternatively, the enzyme can be expressed from
an mRNA for more transient expression. In the more complex situation
where a gene is replaced, a DNA template has to be co-delivered to re-
place the excised gene. Examples of these therapeutic applications will
be discussed in the following paragraphs.

3. Biomedical applications of the CRISPR-Cas9 system

There are a huge number of applications in awide variety of research
fields and various organisms. This reviewwill be limited to applications
in mammals/mammalian cells that could be of use in the biomedical
Fig. 2. Two different repairmechanisms of a double stranded break. After the targeted nuclease h
error-prone non-homologous end joining (NHEJ) which results in insertions or deletions in the
homology directed repair (HDR)which only takes place in the presence of a homologue part of
or correct the gene.
field. The largemajority of publications utilize a NHEJ strategy to induce
knock-outs of the target gene or gain-of-function mutations in the tar-
get gene. However, the number of reports of successfully replaced
genes with HDR is also growing.

Since the first report of the prokaryotic CRISPR-Cas9 system being
programmable to cut isolated DNA at a desired location [1] it has literal-
ly been a race to adapt the system for use in human cells with publica-
tions from four independent groups coming out almost back-to-back [8,
33–35]. Jennifer Doudna and Emmanuelle Charpentier (University of
California, Berkeley and that time at Umeå University, respectively) [1]
and Feng Zhang from the Broad Institute and Massachusetts Institute
of Technology, Cambridge are generally regarded as the front-runners
of adapting this technology, which has led to a debate about who
owns the intellectual property [36]. In the mean-time however, the
Zhang lab has reported on another Type II CRISPR effector called Cpf1
[37] which could cause the patent battle to settle down, now that it
has become clear that there can be alternative systems to achieve the
same goal. The Cpf1 system may even have some slight advantages
over the Cas9 system when it comes to gene replacement, as will be
discussed briefly in the section on improvements to the system later.

3.1. Genetic knock-out animals

The first biomedical application of the CRISPR-Cas9 system was the
generation of genetic knock-out mice and rats by co-injecting Cas9
mRNA and sgRNAs in one-cell stage embryos, again published by differ-
ent groups very shortly after each other [27,38,39]. Conditional knock-
outs could also be generated in mice and rats by integrating a donor
template containing a Cre/lox recombination site as well as by a
knock-in of an 11 kb template, showing that the HDR pathway could
also be used for embryo engineering [40–42]. Genetic knock-outs of
rabbits [43] and cynomolgus monkeys [44] were also generated by
injecting one-cell stage embryos, demonstrating that this approach is
feasible in the full range of preclinical animal models.

3.2. Quick genome screening and drug target identification and validation

The emergence of CRISPR-Cas9 has made the generation of knock-
out animals for drug screening and target validation a routine proce-
dure. Before, RNA interference has made an important addition to this,
but gene silencing using short-hairpin RNAs (shRNAs) has several
as created a double stranded break, there are two possible repair pathways. Thefirst is the
gene, often creating a frameshift and thereby inactivating the gene. The second pathway is
DNA.When such a donor or repair template is co-administered, this can be used to replace
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drawbacks. First of all, gene silencing based on mRNA degradation is
transient. In addition, it often results in only a partial knock-down of
the intended target [45]. Apart from that, it turned out there is signifi-
cant off-target effect due to extensive modulation of micro-RNAs [46],
although admittedly, CRISPR-Cas9 in its original form is not completely
free of off-target effects either. However, the ease of applicability and
low costs of the CRISPR-Cas9 has removed many of the barriers to
high-throughput knock-out screens for gene function [45]. Targeted en-
donucleases can now be expressed by lentiviruses encoding Cas9 and a
genome wide array of sgRNAs [47,48]. This approach was validated by
screening for resistance to lethal doses of the nucleotide analog 6-
thioguanine and etoposide, and the sgRNA screen correctly identified
all known genes resulting in resistance. Furthermore, through a nega-
tive selection screening, other gene sets involved in fundamental pro-
cesses could be identified [47]. A similar screening against BRAF
inhibitor vemurafenib led to the correct identification of all known
genes involved in resistance mechanisms to that drug as well as some
novel hits [48]. This Cas9-based screenwas repeatedwith a comparable
library of shRNAs and interestingly, only a fraction of the shRNAs ap-
peared to hit the Cas9 targets, demonstrating the superiority of the
CRISPR-based screening approach [48]. For a more complete overview
on genome-scale knock-out screening using CRISPR-Cas9, see reviews
[28,45,49].

3.3. Human embryo editing and high off-target effects

A logical follow-up to the animal embryo knock-out experiments
was the editing of genes in human embryos, but ethical issues prohibit
the use of normal embryos for such studies. Alternatively, tripronuclear
(3PN) zygotes were used, that contain one oocyte nucleus and two
sperm nuclei. These polyspermic zygotes are common byproducts of
in vitro fertilization and are normally discarded in clinics because they
are nonviable in vivo but do form blastocysts in vitro. In these zygotes,
the β-subunit of the human β-globin (HBB) gene that is mutated in β-
thalassemia,was cut by the CRISPR-Cas9 enzyme and a sgRNA. A replac-
ing donor template was successfully integrated in approximately 15% of
all cases, but also Homology Directed Repair with a very similar and
closely located gene, HBD (delta-subunit of β-globin) was seen in 25%
of the cases. Apart from that, therewas a high degree of off-target cleav-
age and the authors concluded that the CRISPR-Cas9 system has to be
improved significantly before embryo editing can be applied in a clinical
setting [50]. It may have to do with the controversy around this subject
[51], but it is striking how critical the authors are on these results, while
such high off-target cleavage and low HDR efficiency are also seen in
other studies and are a well-known limitation of the current system
[52,53]. Off-target cleavage can lead to a heterogenic population of
edited cells, including cells that are not cut at the intended site and
more importantly, cells that are cut at the wrong site in the genome.
Given the ‘permanent’ nature of the edit, the latter is of course a huge
safety concern, if therapeutic gene editing is ever to be applied in
human patients. The off-target effects can be partially addressed by
re-designing the sgRNAs aswill be discussed in the followingparagraph,
or by making changes to the enzyme itself (see Section 5).

Initial reports found that a single mismatch between the sgRNA and
the target DNA abolished nucleasemediated cleavage [8]. This indicated
that the system is highly specific and that one mismatch would lead to
inactivation of the nuclease but this turned out to be highly dependent
on the position in the sgRNA and on the target sequence. A more sys-
tematic investigation revealed that multiple mismatches are tolerated,
at different positions depending on the sequence, the number, position
and distribution [53]. Mismatches are better toleratedwhen they are lo-
cated at the 5′ end of the sgRNA (that is, further away from the PAM se-
quence at the 3′, where hybridization with the target DNA is initiated).
Off-target sites with as many as five mismatches were identified that
were mutagenized to a comparable extent as the intended target site
[52,53]. Apart from that, indel frequency at the target site is not 100%
and therefore not even every cut at the intended site leads to a gene
inactivating frameshift by NHEJ. This was also seen in all the experi-
ments with the embryos. In a later stage, the embryos displayed mosa-
icism, indicating that cleavage in the multi-cell stages occurred with
varying frequencies and efficiencies in daughter cells. Of course, in the
case of the knock-out animals, several rounds of selection and cross-
breeding will follow [42] but the need to select successfully engineered
cells hampers the direct application of the CRISPR-Cas9 system in
human patients (Fig. 3). It is impossible to say right now what an ac-
ceptable off-target cleavage rate is, because it is not known towhich de-
gree the specificity can be further optimized. Significant progress has
already been made, but one could argue that it has to be 0% if it ever is
to be safely applied in humans [7]. Therefore, many of the current ther-
apeutic applications aim to engineer the target cells ex-vivo, thereby
also avoiding the recurring delivery problem.

3.4. Ex-vivo modifications of T-cells

A cell type that is particularly suitable for ex-vivo engineering is the
T-lymphocyte, because it can be easily harvested from the patient's
blood, modified and expanded outside the body and then re-adminis-
tered without any immunogenicity (Fig. 3B). This could give the im-
mune system a boost in conditions where the body's defense
mechanism is compromised such as in HIV-infection or cancer [54].

A recombinant Cas9 enzyme was pre-incubated with a sgRNA
targeting CXCR4, a co-receptor for HIV entry and then electroporated
into isolated human CD4+ T-cells. This resulted in knock-out of
CXCR4 in ~40% of the cells, which could be sorted and enriched based
on CXCR4 expression [55]. Other studies by the group of Carl June con-
firmed that editing of CCR5 (anotherHIV co-receptor)with a Zinc Finger
Nuclease is safe and reduces viral DNA in HIV-infected patients [56]. In
the same CRISPR-Cas study, the cell surface receptor PD-1 (PDCD1
gene) was also targeted. PD-1 is a so-called “immune check-point”
that inhibits the cancer cell killing signaling in exhausted or chronically
activated T-cells, and blocking the PD-1 protein has made a dramatic
improvement in cancer immunotherapy. It was shown that by
electroporating Cas9/PD-1 sgRNA and a HDR repair template into
CD4+ cells, a gene replacement was induced in ~20% of the cells.
Note, in this study a defective repair template was used to inactivate
the PD-1 gene. This is not necessary as it was shown in the same
study (and another [57]) that a knock-out could be generated by NHEJ
as well, but this shows that ex-vivo gene replacement is also possible
using the CRISPR-Cas9 system which could have potential benefit in
other applications.

For example, another approach of cancer immunotherapy is
endowing T-cells with a chimeric antigen receptor (CAR), usually
consisting of the single-chain variable fragment (scFv) from amonoclo-
nal antibody and a co-stimulatory signaling domain. This has the theo-
retical advantage that a broad repertoire of receptors with high
affinity can be used, that these are applicable in every patient, and
that there is minimal risk of graft-to-host immunity because the
patient's own cells are used [58]. CAR T-cells are currently being evalu-
ated in the clinic [59] and an “off-the-shelf” approach for T-cell receptor
engineering was recently described using TALEN nucleases [60]. For
many gene editing applications, the way has been paved by other pro-
grammable nucleases like ZFN and TALEN and it is likely that because
of the low costs and tailorability, also CRISPR-Cas based applications
will emerge.

In fact, while this paper was under review, the Recombinant DNA
Advisory Committee (RAC) at the U.S. National Institutes of Health ap-
proved a clinical trial that proposed to use CRISPR-Cas9 for the first
time to edit human T-cells in which some of the elements described
above will be combined [61,62]. In the trial, led by Dr. Carl June and
funded by the Parker Institute for Cancer Immunotherapy, autologous
T-cells will be harvested and engineered to express an affinity enhanced
T-cell receptor (TCR) recognizing the tumor antigen NY-ESO-1. This



Fig. 3.Applications of CRISPR-Cas9 and effects of incomplete gene editing. A: CRISPR-Cas9 is injected into embryos in the one-cell stage, editing occurs aftermultiple rounds of cell division.
Because not every cell is edited, this results in amosaic embryo. The resulting pups can be selected and crossbred until a full transgenic animal is obtained. B:When cells are edited ex-vivo,
this also results in a heterogeneous population of cells, but here the successfully edited cells can be selected and expanded before being re-administered to the patient. C: Until the editing
efficiency is improved, in-vivo application of CRISPR-Cas9 will also result in only a partially modified population of cells. In indications where edited cells are fitter than the diseased cells,
the edited cells can outgrow the diseased cells, creating ‘islands’ of healthy cells.
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approach earlier showed promising, however very short-lived re-
sponses in clinical trials withmyeloma patients, when using viral trans-
duction of the TCR [63]. To boost the effect, the team now wants to
knock-out twodifferent parts of the primary TCR, so that the engineered
receptor becomes more potent. Additionally, they want to knock-out
the PD-1 gene as described above, to further potentiate the immuno-
therapeutic response. The simultaneous knock-down of three different
gene segments demonstrates the strength of the CRISPR-Cas9 system
and helps to make this already very complicated type of therapy a little
less challenging [61,62].

3.5. In vivo applications

In vivo application of CRISPR-Cas9 is conceivable for indications
where the current low efficacy of gene editing is sufficient to show a
phenotypic - and most importantly - a clinical effect. One such example
is the knock-out of Proprotein convertase subtilisin/kexin type 9
(PCSK9), involved in the LowDensity Lipoprotein (LDL) clearance path-
way. It was found that rare individuals that have an inactivating muta-
tion in the PCSK9 gene not only have extremely low plasma LDL
levels, but also appear to be protected against cardiovascular heart dis-
ease. Surprisingly, this knock-out did not lead to any apparent other
symptoms or adverse events, making it an attractive drug target [64].
Clinical trials with PCSK9 targeting siRNA lipid nanoparticles are cur-
rently ongoing, as the protein is predominantly expressed in the liver,
making it a suitable target for treatment with nanoparticles [65].
PCSK9 knock-out by adeno-associated virus-delivered CRISPR-Cas was
demonstrated in mice, showing mutagenesis in ~50% of hepatocytes
which resulted in decreased plasma PCSK9 levels, increased LDL recep-
tor levels, and a 35–40% decrease in plasma cholesterol levels [66]. This
study demonstrates that for certain indications, it is not essential to
reach all cells, nor effectively edit all of them to show an effect, making
the current incomplete targeting not necessarily an obstacle (Fig. 3C).

In fact, much lower editing efficiency was shown to still be clinically
relevant. In a mouse model of hereditary tyrosinemia type I (HTI), the
underlying Fah gene was corrected in the liver by hydrodynamic
injection of CRISPR-Cas plasmid and a HDR repair template. This result-
ed in the initial expression of the wild-type Fah protein in ~1/250 cells
(0.4%) but this was enough to rescue the bodyweight-loss phenotype
[30]. In this particular disease, it was shown that correction of 1/
10,000 hepatocytes could already reverse the disease progression,
suggesting that there could be many other indications that could
benefit from even such low gene editing frequencies [67]. Further-
more, it appeared that there is positive selection for the edited
cells, as after 30 days, ~33% of all hepatocytes in the treated mice
were expressing the corrected protein [30]. This is explained by the
fact that hepatocytes that are deficient for the Fah gene are poisoned
by toxic metabolites, allowing selective outgrowth of the corrected,
resistant, cells.

A similar phenomenon was seen in the muscle cells of mice in a
Duchenne's muscular dystrophy (DMD) model in which the defective
dystrophin gene was corrected. Previously, correction of the dystrophin
gene by HDR in mouse embryos was shown [68]. But as germline
editing in humans is currently not feasible [51] and the homology di-
rected repair pathway is not active in postmitotic tissues such as heart
and skeletal muscle a NHEJ strategy had to be applied in adult mice. In
two back-to-back papers, an AAV-CRISPR-Cas mediated excision of the
defective dystrophin exon 23 was reported, which skips the premature
stop-codon and restores the reading frame (indeed, this results in a
shorter version of the dystrophin protein, but one that is more active
than the one expressed in DMD patients). The approach described
here is similar to the one currently being evaluated with “exon-skip-
ping” anti-sense oligonucleotides. The advantage of this approach is
that a similar construct could bedesigned for any othermutation under-
lying DMD, which also holds true for the sgRNA used in CRISPR-Cas
studies [69]. Also in these studies, outgrow of successfully modified
cells was seen, indicating that positive selection may occur on the
healthier cells [70,71]. However, although the low efficiency of gene
editing is not necessarily a problem, the in vivo delivery remains a chal-
lenge. In the following paragraph, the delivery methods of the current
successes are described and suggestions for future applications are
made.
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4. Towards delivery systems for in vivo applications

In principle, utilization of the CRISPR-Cas system is as simple – or dif-
ficult – as delivering one plasmid. This plasmid should then encode the
(codon optimized and NLS-tagged) Cas9 enzyme and one or more
sgRNA(s). When the aim is to replace a gene, a repair template also
has to be delivered or co-expressed, but this does not complicate the de-
livery strategy very much. What does complicate the delivery is when
the gene editing is supposed to happen in vivo. In this regard, CRISPR-
Cas is very similar to RNAi and more sophisticated delivery systems
are required to translate achievements in the lab to the clinic. Granted,
the development of RNAi therapeutics is in a much more mature
stage, but at the same time it illustrates what a lengthy process clinical
translation can be if the delivery technology is missing [72].

4.1. Ex-vivo delivery technology

Early development of the CRISPR-Cas system andmost of the current
applications use established methods for gene delivery, including
lipofection [31], microinjection [42,73] and electroporation [74,75].
However, plasmids have to be delivered to the nucleus, which is
known to be a challenge in non-dividing cells. Another potential draw-
back of plasmid delivery is the random integration of (part of) the plas-
mid in the genome causing stable expression and potentially
(unwanted) mutagenesis. Furthermore, prolonged expression of a
targeted nuclease (in this case a ZFN) was shown to result in more
off-target effects [76]. Therefore, more recent studies aim for a fine-
tuned, more transient expression by administering mRNA instead of a
plasmid or by administering the Cas9/sgRNA complex directly (see
Fig. 1B). When an in vitro transcribed sgRNAwas combinedwith a puri-
fied Cas9 and then electroporated into the cell, the intended genome
editing occurred quickly after delivery while the nuclease was already
largely degraded after 12 h [77]. Apart from minimizing off-target ef-
fects, delivery of the nuclease or mRNA instead of a plasmid also avoids
the nuclear barrier.

Two innovative strategies for ex-vivo delivery without polymers or
lipids are iTOP and mechanical cell deformation. The iTOP method,
short for induced transduction by osmocytosis and propanebetaine,
uses a buffer composition that combines NaCl hypertonicity-induced
macropinocytosis and a small-molecule transduction compound
(propanebetaine) to transduce extracellular macromolecules into cells.
Using this method, the Cas9 enzyme and a sgRNAwere successfully de-
livered to a variety of cell types, with a higher indel frequency and less
toxicity than cationic lipids [78]. The othermethod usesmicrofluidic de-
viceswith a diameter slightly smaller than the cells that temporarily de-
form the membrane and create transient membrane disruptions that
facilitate passive diffusion of material into the cytosol. With this meth-
od, small single stranded DNAs, siRNAs, and plasmids encoding
CRISPR-Cas9 and a sgRNA could be delivered to a wide variety of cell-
types [79]. Unfortunately, as yet neither of these delivery techniques
are suitable for in vivo delivery so more advanced delivery systems
need to be developed. When designing delivery systems for CRISPR/
Cas, many of the “old” challenges need to be faced again. The questions
of using viral or non-viral vectors, the ideal surface charge, how to over-
come the nuclear barrier and how to reach the desired target tissue are
still very relevant for CRISPR-Cas delivery. In the paragraphs below,
some more advanced delivery systems are discussed that could poten-
tially also be applied in vivo.

4.2. In-vivo delivery systems

A study by Ramakrishna et al. demonstrated that the Cas9 nuclease
and the sgRNA could also be delivered using cell penetrating peptides
(CPPs) [80]. In this work, a nona-arginine based (R9) CPPwas conjugat-
ed to Cas9 on a C-terminally introduced cysteine after expression and
the sgRNA was complexed with a similar CPP. The sgRNA/CPP complex
resulted in 300–400 nm particles with a net positive charge. When the
Cas9-CPP and sgRNA-CPP were administered simultaneously, gene
editing could be observed at the target site, albeit with low frequency
(b15% after three rounds of treatment). Because the sgRNA is loaded
into the Cas9 enzyme, it was tested whether the sgRNA/Cas9-CPP com-
plex could facilitate cellular entry to both, but this was not the case. Pos-
sibly, the negatively charged sgRNA neutralizes the positive charge of
the CPP, which also blocks the entry of the enzyme into the cell [80].
This makes the application of this system in vivo less likely, because
the individual components need to be delivered to the same cell simul-
taneously, which is a significant challenge. Furthermore, the relatively
large and highly cationic sgRNA/CPP complexes will probably not have
very favorable circulation kinetics or biodistribution.

Another innovative approach that does deliver the enzyme and the
sgRNA together, is the use of DNA nanoclews [81]. DNA nanoclews are
nanoparticles based on a cage of DNA that is made by rolling circle am-
plification. By using structural homology to the sgRNA, the complex of
the Cas enzyme and the sgRNA could in turn be complexed to the
DNA cage. This was then coated with PEI to give the particle a positive
charge for uptake and to enhance endosomal escape [81]. Consequently,
this makes it less likely that this particle will be adaptable for delivery in
vivo given the high toxicity of unmodified PEI.

Therefore, despite the widespread search for non-viral delivery sys-
tems, so far almost all in vivo success with CRISPR-Cas was achieved
using viral vectors. Themostwidely applied vectors are Adeno Associat-
ed Vectors (AAV) because of their broad range of serotype specificity
and low immunogenicity. Given the large number of targets in the
liver that have already been validated for RNAi therapy, AAV8 seems
to be a suitable vector for in vivo applications of CRISPR-Cas at this mo-
ment [67]. Looking at RNAi indications, there also seems to be a large in-
terest in targeting the dystrophin gene in DMD. Dystrophin correction
by CRISPR-Cas was already shown to be feasible and for this indication,
AAV9 is a suitable vector as it provides robust expression in the major
tissues affected in DMD, such as skeletal muscle, heart, and brain [68,
70,71]. However, the low packaging capacity of AAV (~4.5 kb) is hardly
sufficient for the packaging of the commonly used Streptococcus
pyogenes Cas9 (SpyCas9) and a sgRNA (together ~4.2 kb) leaving no
room for a DNA repair template or additional sgRNAs [82]. This can be
solved by incorporating the Cas9 gene and the sgRNA in separate vec-
tors [83] but this still requires the delivery of both viruses to the same
target cell which may be challenging in vivo. Similarly, a split-intein
Cas9 was developed that could be divided over two AAV cassettes and
naturally joined after each part of the protein was expressed in the
cell. This provides additional space for regulatory elements like tissue-
specific promoters and multiple sgRNAs in each of the vectors but un-
fortunately at the cost of splicing efficiency (b35% compared to
wildtype SpyCas9) [84]. A rationally designed truncated version of
SpyCas9 also lost ~50% activity compared to wild-type [85]. As an alter-
native, the group of Feng Zhang identified different orthologs of Cas9
and found a ~1 kb shorter, but equally active Cas9 in Staphylococcus au-
reus. They packaged this SaCas9 into the hepatocyte-tropic AAV sero-
type 8 vector and successfully demonstrated 40% knock-down of ApoB
and PCSK9 in the liver (enough to show clinically relevant effect) [82].

Promising as this improvement is, it still does not leave enough room
for a DNA repair template if the therapeutic indication requires gene re-
placement. Furthermore, off-target mutagenesis caused by prolonged
expression of the nuclease is still a risk when adenoviruses are used.
To tackle both problems, a non-viral second vector was used for the de-
livery of Cas9mRNA alongside a viral vector expressing the sgRNA and a
HDR repair template [86]. Mice were first treated with a single dose of
AAV8, which resulted in sgRNA expression after 3 days, but tenfold
higher expression after 7 and 14 days. This pronounced sustained ex-
pression really demonstrates why expression of the nuclease from
such a vector could cause a potential risk of mutagenesis. To maximize
co-expression, a single dose of mRNA formulated in a lipid nanoparticle
(LNP) containing the lipid-like material C12-200 was administered



145E. Oude Blenke et al. / Journal of Controlled Release 244 (2016) 139–148
intravenously at day 7. This delivery vehicle was previously used for
siRNA delivery and just like the AAV8 vector, this type of LNP is
known to predominantly target hepatocytes [87]. Initial gene correction
was N6%, farmore than the previously achieved 0.4% after hydrodynam-
ic injection by the same group [30]. As a result, treatment completely
rescued disease symptoms and successful homology directed repair
was confirmed by deep sequencing [86].

Seeing that CRISPR-Cas therapeutics are more or less following the
same path as RNAi therapeutics, it is expected that in short order,
CRISPR-Cas will also completely transit to non-viral delivery systems.
The demonstration that the LNPs that are in clinical evaluation for
siRNA delivery are also capable of delivering CRISPR-Cas constructs is
a clear indication that this transition is feasible in the near future. The
fact that manymetabolic diseases could be clinically reversed by restor-
ing roughly 5% of protein expression in hepatocytes shows that the low
efficiency of gene editing does not restrain therapeutic use [9]. Howev-
er, the real challenge is not to adapt existing delivery systems for the de-
livery of CRISPR-Cas9 constructs, but rather to adapt them to reach
targets beyond the liver. Here, many of the old challenges in the drug
delivery field are faced again. The plasmid, or the Cas9 enzyme needs
to reach the nucleus, which is still a challenge in non- or slow dividing
cells. Furthermore, extrahepatic targets are still very difficult to reach
with non-viral delivery systems and efforts that are made with siRNA-
conjugates [88,89] are not compatible with large DNA or mRNA
CRISPR-Cas9 constructs. And finally, if a gene edit is supposed to be per-
manent, the tissue stem cells should be targeted, rather than the highly
differentiated cells that make up the bulk of the tissue and usually have
a short lifespan. For many tissue types, it is not known where the stem
cells are located and even when, they cannot always be targeted or
reached. So delivery itself may not be the biggest bottleneck, but deliv-
ery system, target tissue and indication have to be carefully matched to
reach the optimal effect.

5. Improvements on the system

Throughout this review, it has beenmentioned a couple of times that
not the low editing efficiency, but rather the high off-target effect of the
CRISPR-Cas system could limit its application in patients. This has so far
not been discussed because many improvements have already been
made and it is the general opinion of the community that this will not
be an issue in the long term [51]. In this section, some of these improve-
ments will be highlighted.

The earliest attempt to minimize off-target cleavage was the use of
double nickases. Already in the first applications of CRISPR-Cas9 in eu-
karyotes, it was described that the nuclease could be converted into a
targeted nickase [1]. By making a small mutation in one of the two cat-
alytic domains (HNH and RuvC), Cas9 would cleave only one of the two
strands (Cas9n, for ‘Cas9 nickase’). Two almost simultaneous reports de-
scribed the use of two of such targeted nickases by expressing Cas9n
and two sgRNAs each targeting the same target site, but on opposite
strands. This way, only a double stranded break is created when both
nickases cut on-target. Off-target single nicks are not repaired by the
NHEJ-pathway but by base excision repair pathways where no inser-
tions or deletions are formed. This paired nicking approach reduced
off-target activity by 50- to 1500-fold without sacrificing on-target
cleavage efficiency [90,91].

However, this approach could become technically challenging in
multiplex or genome-wide library based applications. By carefully
looking at the ‘design rules’ of sgRNAs, it was found that by shortening
the sgRNAs from 20 nucleotides to 17–19 nucleotides, on-target effi-
ciency could be significantly improved whilst minimizing off-target
cleavage. This may sound counterintuitive, but it was found that the 5′
end of sgRNAs was less important for target recognition and that mis-
matches at that side were tolerated to a much larger extent [52]. Possi-
bly, the nucleotides furthest away from the PAM sequence at the 3′ side
compensate for mismatches elsewhere in the sequence, which would
mean that shorter sgRNAs are more sensitive to mismatches and thus
more specific. To test this hypothesis, a series of sgRNAs targeting the
same site was designed, containing 15, 17, 19 or 20 complementary nu-
cleotides. The 15 nucleotide sgRNA was found to be too short to induce
cleavage, but the 17 and 19 nucleotide sgRNAs induced similar target
site cleavage as the full length sgRNA but with N5000 times reduced
off-target effects. These truncated sgRNAs (tru-gRNAs) could also be
combined with the paired nickase approach to even further reduce
off-target cleavage [92].

When crystal structures of the SpyCas9-sgRNA complex became
available, it was hypothesized that it possesses more energy than is
needed to recognize its target DNA strand. Several residues in the
SpyCas9 were identified that interact aspecifically with the target
DNA. These were systematically substituted to study their contribution
to off-target effects. The groups of Feng Zhang andKeith Joung each pro-
duced a couple ofmutants, coined eSpCas9 (“enhanced specificity”) and
SpCas9-HF1 (“high fidelity”) respectively, that had a significant reduc-
tion in off-target effects, without abolishing on target efficacy [93,94].
Structure-based engineering of the Cas9 enzyme has led to spectacular
improvements in on-target efficiency but notably, the SpCas9-HF1 and
eSpCas9 each contain different mutations. So in theory, these could po-
tentially be combined for even further improvement.

The aforementioned examples illustrate how easily the CRISPR-Cas9
system can be tailored and adapted and there is little doubt that the
specificity and efficiency will be further improved. Another “improve-
ment” however, is the transition to another enzyme than Cas9, called
Cpf1, by the groups of Feng Zhang, Koonin and Van der Oost. This class
2 CRISPR-associated enzymewas recently discovered inmultiple strains
of Prevotella and Francisella (hence the name, CRISPR from Prevotella
and Francisella 1), and out of 16 Cpf1 orthologs, two enzymes with effi-
cient genome-editing activity in human cells were identified. Cpf1 dif-
fers from Cas9 in three ways. First, it utilizes a T-rich protospacer
adjacent motif preceding the target gene, instead of a G-rich PAM fol-
lowing the target DNA; since such motifs are equally abundant, this is
not really an advantage over the other system. Secondly, rather than
using a tracrRNA and an RNaseIII-like ribonuclease to process the pre-
cursor crRNA to a mature guide, Cpf1 protein itself includes the RNA
cleavage site [95,96].This has practical advantage that multiplex
targeting can be done by a synthetic CRISPR array controlled by a single
promoter [96]. The third difference is that Cpf1 cleaves the DNA via a
staggered double stranded break, creating overhangs that potentially
make gene replacement more efficient. The CRISPR-Cpf1 system is still
in the development stage, but now that more therapeutic Cas9 gene-
knockdown applications are emerging, this could accelerate the devel-
opment of the elusive gene-replacement applications aswell.Moreover,
more class 2 CRISPR-associated nucleases are being discovered [13,97].

6. Conclusion

In a timeframe of only 3 years, CRISPR-Cas9 - originally a bacterial
defense system that recognizes foreign DNA sequences and selectively
cleaves them - has been repurposed to a targeted nuclease that can in-
activate diseased genes or potentially even restore them. What sets
CRISPR-based systems (Cas9, Cpf1, and others) apart from other
targeted nucleases such as ZFN, TALEN and Meganucleases is the ease
of application and tailorability, as only the Cas9/Cpf1 enzyme has to
be expressed, that can be retargeted by simply changing the guide
RNA sequence. There are many similarities between CRISPR-Cas and
RNA interference. To start with, the ability to knock-out a gene but
then on the genomic DNA level, rather than to knock it down at tran-
script RNA level. Furthermore, CRISPR-Cas9 has already foundmany ap-
plications as a biotechnological tool, and the development of
therapeutic applications is already well under way. In doing so, compa-
nies should take caution not to fall into the same traps as with RNAi
therapeutics development. Although the potential is huge, overcoming
the delivery barrier remains crucial to achieve clinical success. Here,
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many lessons can be learned from the RNAi field, as it was already
shown that the same delivery technology could also deliver CRISPR-
Cas9 constructs [86].With regard to applications, it has been questioned
whether RNAi and CRISPR-Cas could co-exist, as CRISPR-Cas offers a
permanent solution to problems that RNAi can only address transiently.
However, with regard to delivery, the RNAi field is years ahead of
CRISPR-Cas and application of CRISPR-Cas in human subjects seems
more challenging. Therefore, for applications like targeting the PCSK9
gene to lower plasma cholesterol levels, it is not unthinkable that
RNAi therapeutics make it to the market first and are then gradually
phased out when CRISPR-Cas therapeutics become a reality [72]. On
the other hand, that statement is merely based on the current state of
technology. The safety aspects have not been taken into account, and
one could argue that permanent gene knock-outs or replacements in
humans will initially only be approved for severe indications for
which no alternative treatment options are available, such as
Duchenne's Muscular Dystrophy, although no one can address the safe-
ty questions at this point.

Until then, work has to be done on further improving the specificity
and reducing the off-target effects of CRISPR-Cas systems. At this point,
gene editing in cells ex-vivo seems most feasible, because it overcomes
both the delivery hurdle as well as the imperfect specificity (because
successfully edited cells can be selected). Furthermore, complete gene
replacement via the homology directed repair pathway has not been
very efficient so far and seems further away from clinical application
than gene knock-out, especially in vivo. So, in the current state, knock-
down of genes in ex-vivo situations seems within reach with CRISPR-
Cas9 but it is unlikely that given the state of technology, it will ever be
able to compete with RNAi. The real potential lies in the correction of
congenital disease and in acquired mutations like in cancer. Perhaps
the comparison with plasmid gene delivery is therefore more appropri-
ate, but with the first trial conducted in 1980 and only one approved
product on the EU market as of now, progress in that field has also not
been particularly rapid. If permanent gene correction is ever to be real-
ized, a lot more knowledge should be gathered about the cell type that
has to be reached and how to achieve that. Targeting the long living tis-
sue stem cells is crucial for a permanent effect, but little is known about
how to distinguish those and which carrier systems are able to reach
them. But with the number of labs working on this technology, the
amount of money that has been raised by companies wishing to bring
this to the clinic, and the vast amount of therapeutic applications that
lie on the horizon, it seems just a matter of time before these challenges
are overcome.With existing knowledge and a focus on delivery technol-
ogy, CRISPR-Cas based therapeutics could be developed faster than their
RNAi and gene delivery counterparts, allowing safe and efficient gene
editing in human patients in the near future.
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