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CRISPR/Cas9: A Potential
Life-Saving Tool. What’s next?
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CRISPR/Cas9 (clustered regularly inter-
spaced short palindromic repeats/CRISPR
associated protein 9) has managed, in just 5
short years, to become the leading and
most meaningful world scientific discovery
since the implementation of polymerase
chain reaction (PCR) as a research tool.
The ability of this machinery to interrupt
the function of different genes within living
organisms has changed the pace of
numerous biomedical research branchess
especially those concentrated on genetic-
driven pathologies.1 We are now holding
the ability to potentially cure life-threatening
diseases through molecular surgery of the
genome. Since the discovery of CRISPR po-
tential in 2012, the number of articles related
to this tool has been progressing in a rapid
manner, with an extensive number of
research papers published in just 5 years.
Lately, Chinese scientists have managed to
use the technology for the first time in a hu-
man patient with lung cancer to cure an
advanced form of the disease (ex vivo
approach).2 Currently there are several stra-
tegies with CRISPR/Cas9 proposed for clin-
ical testing, all of them concentrated on
ex vivo approaches. Nevertheless, these
forms of last generation therapies are gener-
ally based on retrieving immune cells from
the patient and subsequent modification of
the gene sequences to increase the immune
system surveillance against the malignant in-
vasion. The CRISPR/Cas9 genetic-modified
and empowered cells are then propagated
and characterized before being adminis-
trated back into the patient in the direction
of malignant impairment. In light of
these therapeutic approaches, the US Food
and Drug Administration (FDA) recently
approved the first CAR-T cell (chimeric an-
tigen receptor T cell) therapy for the treat-
ment of acute lymphoblastic leukemia in
children and young adults.3 Despite the fact
that this type of strategy uses viral vectors
This is an open access artic
for the modification of immune cells,
CRISPR/Cas9 could represent an efficient
and flexible alternative for the generation of
the personalized empowered T cells.

All these advances in genome editing are
writing history at every step, but, even so,
the final intention is to deliver the CRISPR
system directly into a human body to perma-
nently restore genetic disabilities. But sneak-
ing the editing complex from the immune
system and then introducing it into the nu-
cleus of the targeted cells is not an easy
task. Despite the immediate availability, flex-
ibility, and multiplex nature of CRISPR/
Cas9, it seems that this system will not dodge
all the issues associated with previous gene
therapy strategies, the constant difficulty re-
maining the delivery method. In this sense,
researchers are trying to find delivery per-
formers able to protect the system from
body’s defense mechanisms and conduct
the editing tool toward specific sites within
the altered genome.4 The fact that we are
now literally holding in our hands the ma-
chinery to cure numerous pathologies drives
scientists to accelerate the process toward
safe and efficient carriers for CRISPR/Cas9
within the human organism.

Chira et al.5 comprehensively reviewed the
most important approaches in manipulating
the effects of the Cas9 enzyme to limit the
potential off-target effects. The present
manuscript underlines the current strategies
for in vivo delivery to offer a complete view
of this technology.

To find a way to inject the CRISPR/Cas9 sys-
tem into the body, numerous groups are now
searching for both viral and non-viral ap-
proaches (Figure 1). There are three main
ways under which the CRISPR/Cas9 system
can be delivered: (1) DNA, where Cas9
enzyme and guideRNA (gRNA) are inserted
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into a DNA plasmid and usually delivered
via an adeno-associated virus (AAV);
(2) RNA, where both Cas9 and gRNA are
encapsulated as RNA molecules into nano-
particles of diverse origins (e.g., lipid,
polymeric origins); and (3) protein-RNA
complex, where Cas9 is delivered under the
translated form alongside gRNA as a ribonu-
cleoprotein structure.4

Each method presents advantages and disad-
vantages and, for these means, none of them
are presently suitable for safe and targeted
delivery into human patients.

AAVs have been used for gene delivery
because of their reduced immunogenicity
and tissue specificity. Problems arise when
trying to pack the Cas9 together with
gRNA into the virus due to its low pack-
aging capacity. Although this issue has
been overcome, where researchers managed
to pack the elements together, the similar
lengths of the two above-mentioned systems
(Cas9 + gRNA �4.2 kb and AAV �4.5 kb)
restrict the possibility of adding supplemen-
tary regulatory elements that would make
the therapeutic vehicle more precise and effi-
cient.6–9 Swiech et al.,7 provided an alterna-
tive possibility where the functional elements
were introduced in separate AAV vectors.
Although the method demonstrated a higher
packaging efficiency, the necessity of co-de-
livery of multiple vectors is significantly
reducing the number of infected cells and de-
creases the efficiency of the method because
Cas9 cannot function in the absence of
gRNA. Smaller Cas9 enzymes could be
December 2017 ª 2017 The Author(s). 333
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Figure 1. Current Progress in CRISPR/Cas9

The main methods for delivering the CRISPR/Cas9 system consist of viral and non-viral carriers or physical approaches. All of them are associated with advantages and

limitations. Viral carriers, like adenoviral vectors, are limited by the presence of CAR. AAVs are characterized by limited packaging capacity and lentiviral vectors are

associated with increased safety issues due to the possibility of homologous recombination that will generate replication-competent particles. Alternative situations for viral

vehicles could be represented by the co-delivery of Cas9 and gRNAs into separate vectors or incorporation of smaller Cas enzymes. However, the co-delivery strategy

significantly limits the number of transfected cells, where smaller Cas9 usually requires a larger PAM site. Non-viral delivery through encapsulation of the editing system into

nanoparticles of diverse origins, mainly lipid and polymeric, is an alternative for reducing the life of Cas9 inside the targeted cells. However, the potential toxicity of the

nanoparticles on the human organism and the affinity for liver and spleen are also limitation factors for systemic delivery of CRISPR/Cas9. The third method, where the

CRISPR system is incorporated into cells through electroporation or microinjection is suitable only for ex vivo approaches. There are three main strategies that are currently

tested or are emerging in clinical trials comprised of CRISPR/Cas9-mediated gene therapy. (I) Local injection with CRISPR/Cas9 encapsulated in viral vectors (AAVs).

(II) Ex vivo approaches where the cells are retrieved from the patient (1), modified through transfection strategies (2.1) or electroporation (2.2), cultured for propagation and

characterization (3), and finally administrated back in the patient (4). (III) Systemic delivery of CRISPR/Cas9 inside NLPs (nanolipoprotein particles) for genetic editing of cells

within the liver. All of these therapeutic schemes represent significant advances in CRISPR/Cas9 genome surgery, but, even so, they tackle a limited amount of pathologies

due to current restrictions in delivery methods.
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isolated from Campylobacter jejuni, but
these types are more limited in terms of tar-
geted sites due to longer PAM sequences.
Other impediments for AAV-mediated de-
livery are the long persistence of the virus
within the organism and inherent constant
levels of Cas9, which can determine off-
target effects with hazardous effects on the
living cells.10
334 Molecular Therapy: Nucleic Acids Vol. 9 D
To limit the long-term translation of Cas9
inside the targeted cells, encapsulation of
the editing system into nanoparticles of
diverse origins, mainly lipid and polymeric,
was tested4. Although the life of Cas9 is
significantly minimized, the efficiency of
the method has emerged as quite restrictive
due to the potential toxicity of the nanopar-
ticles on human organism and the liver and
ecember 2017
spleen affinity of the intravenously injected
vehicles9,11.

The third method consists of direct delivery
of the Cas9 protein alongside gRNAs that
enables the possibility to precisely control
the amount of enzyme that is administrated.
This has proven efficient only for ex vivo
approaches that rely on electroporation or
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chemical transfection and also, highly
important, lack of immune reaction.12

The immunogenic aspects can be overcome
by incorporating the ribonucleoprotein com-
plex into nanoparticles able to fuse with the
cell membrane and release the system into
the cytoplasm. This situation was evaluated
by Mout et al.,11 where they applied the re-
minded principle and even attached a nu-
clear recognition complex to the Cas9
protein to direct the editing tool toward the
nucleus of the cell. Even if the success rates
of the experiments were positive (�90% de-
livery efficiency and �30% gene editing effi-
ciency), it is important to not overlook the
possible toxicity of the administrated parti-
cles into human organisms and the predispo-
sition for hepatic localization.

The types of proposed delivery methods
for CRISPR/Cas9 are numerous and also
increasing at a rapid pace.13,14 The constant
issue is represented by the ability to safely,
efficiently, and specifically deliver the tool in-
side the altered cells within the human body
without disrupting healthy cells or causing
side effects. For the moment, there is no
treatment scheme comprising the systemic
administration of CRISPR/Cas9 into clinical
patients approved by the FDA. Even if
ex vivo approaches are making their way
into clinical trials, these strategies are effec-
tive to a certain limit, where numerous pa-
thologies are not suitable for this approach
manner. Therefore, to make the most of
this new and innovative machinery, it is
imperative to find a way to release the tool
directly into the human body and inside
altered cells.

The most promising approaches are those
that combine the available techniques to limit
the disadvantages of both methods and take
advantage of the positive aspects. One
example is the research conducted by Yin
et al.,9 where they used a two-step program
it to cure Tyrosinemia type I in mice. First,
they injected into the mouse a viral vector
compromising the replacement gene and
the gRNAs and waited 7 days to permit the
organism to multiply the received sequences.
By eliminating the administration of Cas9
from the first steps, the DNA template and
gRNAs become ineffective and unable to pro-
duce any modification within the genome of
the cell. Also, the multiplicative ability of the
viral vectors and implicit high production
of inserted molecules is canceled by the
harmless properties of the administrated se-
quences in the absence of Cas9 enzyme. After
this initial step, Cas9 mRNA was adminis-
tered inside lipid nanoparticles, activating
the ribonucleoprotein complex. The down-
side of this method consists of the affinity
of the nanovehicles for hepatic sites and
their potential toxicity to the human body.

Significant advancements are also made with
bacteriophages, bacteria infecting specific vi-
ruses, which can be engineered to target
mammalian cells and are safe for systemic
administration (previously used for anti-
biotic therapy in children through systemic
administration). Even so, the lack of eukary-
otic optimization in terms of gene delivery
and expression (due to bacteria specificity)
has redirected the attention toward other
types of viral vectors for experimental gene
therapy15. However, Hajitou and col-
leagues16–18 are making promising progress
with tumor-targeted AAVP (AAV/phage),
a hybrid system between AAV and the fila-
mentous M13 bacteriophage that is able to
specifically and efficiently infect cancer cells
by combining the advantages from both
“worlds” in one single platform.

Other genome editing tools, like tran-
scription activator-like effector nucleases
(TALENs) and zinc-finger nucleases (ZFNs)
have also made advancements toward the
clinical area. SB-FIX, a ZFN-related thera-
peutic tool administrated in patients with
severe hemophilia B to obtain long term
expression of Factor IX (ClinicalTrials.gov:
NCT02695160), is the first strategy that has
entered clinical trials. At the present time,
the conductors are evaluating the safety and
tolerability of the therapeutic formulation
concomitant with effects of ascending doses
of SB-FIX. In this case, the small size of the
genome editing tool permits the packaging
into AAVs, and the targeted locus for intro-
duction of the donor gene, albumin gene
locus, allows the accelerated transcription
based on the increased activity of the original
gene in hepatocytes.19,20 Two other clinical
Molecular Therapy
trials based on the same in vivo administra-
tion platform are now recruiting patients:
SB-318 for the treatment of Muco-
polysaccharidosis I through insertion of a
functional IDUA (a-L-iduronidase) gene
(ClinicalTrials.gov: NCT02702115) and SB-
913 for the treatment of Mucopoly-
saccharidosis II through insertion of a
functional IDS (iduronate 2-sulfatase) gene
(ClinicalTrials.gov: NCT03041324); both
strategies are using rAAV2/6 for the delivery
of ZFN. Even so, compared with these last
two genome editing tools, CRISPR/Cas9 is
still a new technique, where ZFNs and
TALENs had the time to “maturate” toward
safe and efficient in vivo administration
options.

The future requires that we take advantages
of the already tested concepts (for ZFNs
and TALENs) and implement a combination
of them that works in favor of the new tech-
nology. Most likely, time does not allow the
implementation of a completely new delivery
particle, considering the extensive period
necessary for the evaluation of a new vehicle.
The rapid development of CRISPR/Cas9, a
machinery that was presented to the public
as a genome editing tool only in 2012, makes
us believe that these strategies are closer than
we think. Once this step is achieved, the
possibilities are unlimited and pathologies
that were previously thought incurable
will be treated through molecular surgery
techniques.
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