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Abstract

Harnessing the bacterial clustered regularly interspaced short palindromic repeats (CRISPR) 

system for genome editing in eukaryotes has revolutionized basic biomedical research and the 

translational sciences. The ability to create targeted alterations of the genome through this easy to 

design system has presented unprecedented opportunities to treat inherited disorders and other 

diseases such as cancer through gene therapy. A major hurdle is the lack of an efficient and safe in 
vivo delivery system, limiting most of the current gene therapy efforts to ex vivo editing of 

extracted cells. Here we discuss the unique features of adenoviral vectors that enable tissue 

specific and efficient delivery of the CRISPR-Cas machinery for in vivo genome editing.
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CRISPR-CAS FOR GENE THERAPY

Initially conceptualized several decades ago, gene therapy aims to treat diseases by 

genetically altering cells, potentially resulting in life-long benefits from a single treatment. 

Several advances have allowed gene therapy research to accelerate in the past decade, with 

the FDA approving several drugs and multiple clinical trials ongoing [1]. Among the most 
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promising of these advances is the discovery of the genome editing system known as 

CRISPR-Cas.

CRISPR-Cas is a diverse bacterial immune system, providing defense against invading DNA 

and RNA molecules. Since its initial discovery, two classes and six types have been 

characterized in various bacterial strains, but the simple Class 2 system, consisting of a 

single CRISPR associated protein (Cas) and CRISPR RNAs (crRNAs), remains among the 

most useful for biomedical research [2]. Cas is a nuclease directed to targeted genomic 

locations by crRNAs, which in modern systems are usually simplified into a single guide 

RNA (sgRNA or gRNA) [3]. Numerous Cas proteins have been characterized, but spCas9, 

discovered in Streptococcus pyogenes, remains the most widely studied and one of the most 

efficient [4,5].

Upon binding to a gRNA, a conformational change in Cas9 allows it to interact with a 

protospacer adjacent motif (PAM) sequence (a short DNA sequence such as NGG for Cas9, 

where N is any nucleotide), locally unwinding the dsDNA to allow the gRNA to invade and 

displace one strand and anneal with the other [6]. The Cas9/gRNA complex moves on to the 

next PAM site if the gRNA and target sequence do not anneal perfectly, whereas sufficient 

base pairing between the gRNA and the target triggers nuclease activity of the Cas9 and a 

double strand break (DSB) will be made near the PAM site [6].

Cleavage of the DNA target produces DSBs that are largely repaired by either the error-

prone but highly efficient non-homologous end joining (NHEJ) pathway or the precise yet 

often less efficient homology directed repair (HDR) pathway [7]. NHEJ from a single DSB 

often produces small insertions and/or deletions (indels), while two gRNAs can be used to 

create a precise deletion between the two DSBs. Both mechanisms are useful in developing 

gene therapies - for example, creating a single small deletion around an intron/exon junction 

in the dystrophin gene has been shown to effectively cause exon “skipping”, restoring the 

function of mutated dystrophin and treating Duchenne’s Muscular Dystrophy (DMD) [8]. 

Similarly, the two-gRNA deletion strategy was used to physically remove an entire exon to 

achieve similar results [9]. Therapies relying on NHEJ are expected to be highly efficient 

and only require delivery of the CRISPR-Cas machinery (Cas protein and gRNA), and many 

of the ongoing CRISPR-Cas gene therapy programs utilize this strategy.

DSBs can also be repaired by the HDR pathway using either a sister chromatid or an 

exogenously provided DNA template, called a donor. A donor brings in the exact sequences 

to be introduced at the target site, from a point mutation to larger insertions, with flanking 

homology sequences to provide specificity [10]. HDR is usually significantly less efficient 

than NHEJ, with the majority of DSBs being repaired by the NHEJ pathway, especially in 
vivo [11,12]. In addition to the CRISPR-Cas machinery, the donor also must be delivered to 

the same cells at the same time - the larger the donor, the more challenging the delivery. The 

low hanging fruits for current CRISPR-Cas therapeutic programs are therefore mostly small 

corrections, such as single nucleotide polymorphisms. However, there is a clear need in gene 

therapy for HDR-mediated site-specific insertion of corrective genes for long term, stable 

production of therapeutic proteins. Improving HDR efficiency is an unmet need in both basic 

research and therapeutics.
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The promises of CRISPR-Cas technologies have resulted in an explosion of preclinical and 

clinical studies in gene therapy. Academia and industry are exploring this technology for 

numerous medical applications, with a focus on inherited disorders and cancer.

Nearly all these clinical trials utilize ex vivo editing, or in a single trial subretinal injection 

of the CRISPR-Cas machinery using an adeno-associated virus (AAV). In ex vivo editing, a 

patient’s cells are extracted from the body and genetically edited in vitro, then returned to 

the patient, where they are potentially able to create therapeutic results due to their new 

properties. This process has shown great success with techniques such as CAR-T 

immunotherapy and hematopoietic stem cell (HSC) transplantation - in CAR-T 

immunotherapy, a patients T-cells are edited to contain a receptor capable of recognizing 

cancer antigens and activating the T cell to destroy them [28]. In HSC transplantation, HSCs 

can be edited to produce corrective proteins for the treatment of diseases such as sickle cell 

disease and beta-thalassemia [29]. Although ex vivo cellular editing has shown tremendous 

successes with these techniques, it remains a complex, costly and convoluted process likely 

limited to serious diseases where no other treatments have shown success [30].

DELIVERY OF CRISPR-CAS MACHINERY FOR IN VIVO GENE THERAPY

In vivo gene therapy could traverse several of the problems associated with ex vivo therapy. 

In this process, rather than removing cells from the patient, editing them and returning them 

to the patient, a vector is delivered to the patient’s cells in vivo. Conceptually, this process 

has the potential to create major advancements in gene therapy: a single dose delivered to 

the cells of interest could correct a disease for life. With the advent of CRISPR-Cas 

technology, it is now possible to permanently integrate genes of interest in a targeted 

manner, potentially solving one part of this challenge – lifelong genetic correction. However, 

efficient in vivo delivery of Cas9, gRNA(s) and donor DNA to the right cells remains a 

challenge. A vector suitable for in vivo delivery of the CRISPR-Cas machinery must 

surmount several difficulties, including gene transfer efficiency and tissue/organ targeting, 

all while maintaining a strong safety profile [1]. Numerous delivery systems are currently 

under development to deliver the CRISPR-Cas components as DNA, RNA or 

ribonucleoprotein, including viral (AAV, adenovirus) and non-viral (liposomes, lipid 

nanoparticles, polymeric carriers, etc) [31]. For example, the first phase I clinical trial with 

ex vivo engineered T cells used a combination of electroporation of Cas9/gRNA 

ribonucleoprotein complexes and lentiviral transgenes [32]. AAV has been a strong 

frontrunner in studies involving in vivo CRISPR-Cas delivery in a DNA format, but has 

significant drawbacks, as discussed further. The purpose of this review is to discuss the 

unique advantages of adenovirus for in vivo delivery of the CRISPR-Cas machinery, 

particularly in contrast to AAV – for reviews discussing various other systems, see [33–35].

AAV IN GENE THERAPY

Adeno-associated viruses (AAVs) are small non-enveloped viruses that require other viruses, 

namely adenovirus, to replicate [36]. They are considered non-pathogenic in humans and 

can integrate efficiently into the host genome at the AAVS1 site or can be engineered to 

ablate this integration [37]. Combined with the mild immune response to their 
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administration, these features have made AAV vectors the de facto frontrunner for in vivo 
delivery of genetic material, including CRISPR-Cas. To date, AAV has been involved in over 

a hundred clinical trials and has resulted in FDA approval in several instances [38].

Despite this incredible track record, lingering safety issues with AAV remain. Although 

recombinant AAV has been considered non-integrative, reports indicate that integration 

events do occur, raising the potential issue of genotoxicity and oncogenicity [39–41] - see 

[42] for a comprehensive review. Additionally, AAV vectors suffer from a triangle of three 

issues – potency, immunogenicity, and manufacturing cost. Host immune responses to the 

vector reduces effective viral concentration, requiring higher vector doses to achieve 

meaningful therapeutic corrections [42]. Higher doses in turn drive further immune 

responses [42]. Additionally, given that much of the population has been exposed to AAV, 

pre-existing immunity can dramatically reduce the efficacy of AAV therapy [37]. 

Underlining these problems is the complexity and cost involved in producing clinical grade 

recombinant AAVs. These complex processes have resulted in AAV therapies being among 

the most expensive in the world, with Novartis’ Zolgensma costing $2.1 million USD/dose 

[43].

In addition to issues with safety, the native biology of AAV makes it a difficult vector for use 

with CRISPR-Cas systems. The small genomic size of AAV gives it a limited transgene 

capacity of less than 5kb [44]. Given that spCas9 is a 4.2kb cassette without promoter or 

polyadenylation signal, novel strategies have had to be implemented to utilize AAV for this 

technology, including novel Cas proteins with a smaller size and split Cas9 proteins, with 

varying degrees of success [35,44].

However, spCas9 is by far the most used Cas protein and has the most data regarding off 

target editing. Additionally, new technologies are usually first developed using spCas9, such 

as CRISPRa and CRISPRi, base editors, and Prime editors. CRISPRa and CRISPRi 

(CRISPR activation and CRISPR inhibition, respectively) are inactivated Cas9 fused with 

epigenetic modifiers such as promoter activators and silencers [10]. Base editors are fusions 

of Cas9 with proteins capable of altering nucleotides that can correct DNA by directly 

changing bases [45]. Prime editors are fusions of Cas9 and a reverse transcriptase that 

mediate small insertions without the need for donor DNA [46]. All of these require the 

efficient delivery of large transgene cassettes. The Prime editor 2 system described by David 

Liu’s group has a size of approximately 7.3kb for the whole cassette with promoter and 

polyadenylation signal – clearly beyond the capacity of AAV [47]. The need for the ability 

to carry a larger cargo on a single vector is clear, especially in the context of clinical 

translation.

ADENOVIRUS IN GENE THERAPY

Adenoviral (Ad) vectors have been used since the earliest days of gene therapy and represent 

one of the best studied viruses biologically and clinically. Adenoviruses are non-enveloped 

double-strand DNA viruses with a genome ~36kb in size, which does not integrate into the 

host genome, ablating the risk of oncogenicity or genotoxicity seen with other vectors [48]. 

The protein capsid encapsulating the genome is composed majorly of three proteins, the 
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hexon, penton and fiber, all of which have proven amenable to genetic modification to alter 

the properties of the virus [49]. These features, combined with the proven safety record of 

adenovirus in clinical trials, make Ad an attractive candidate for in vivo delivery of advanced 

genome editing machinery such as CRISPR-Cas.

The large dsDNA genome of Ad endows it with a large transgene packaging capacity. First 

generation Ad vectors with deletions in the E1 and E3 genes rendering it replication 

incompetent have a packaging capacity of about 8.5kB – nearly double the capacity of AAV 

[54]. This capacity is large enough to carry many of the advanced editing machineries 

previously described. Additionally, third generation so-called gutless or helper-dependent 

Ads are completely devoid of viral genes and have a significantly expanded packaging 

capacity of theoretically approximately 37kB [55]. This capacity has been used by several 

groups to produce highly advanced vectors packaging multiple genes into a single viral 

particle [56–58]. Of particular note, many CRISPR-Cas delivery techniques for HDR 

transgene integration have utilized a two-vector system – one vector carriers the Cas9 gene 

and gRNA expression cassette, while the second vector carries the HDR template DNA. 

Successful integration of the template DNA requires co-infection of target cells with both 

vectors. Recent studies with gutless Ads have enabled the molecular design of a single 

vector carrying Cas9, the gRNA cassette and the donor template DNA, an approach with 

clear advantages over prior techniques [59]. This expanded packaging capacity has obvious 

utility with present technologies as well as advantages for future deployment of novel 

advanced genome editing technologies.

Additionally, the strong understanding of Ad structure and biology have enabled rational 

genetic design of vectors with altered features. Engineering the protein capsid has emerged 

as a successful strategy for altering how Ad particles behave in vivo after administration 

[49]. This has resulted in the development of vectors which have overcome several of the 

challenges with in vivo delivery of Ads, namely 1) sequestration of the virus in the liver 2) 

limited transduction of cells lacking the Ad receptor, and 3) pre-existing host immune 

responses to Ads.

Wild-type Adenovirus serotype 5 (Ad5), the best studied and most widely used serotype, is 

largely sequestered in the liver after intravenous administration. The Ad5 hexon protein is 

bound by blood coagulation factor X in the blood and transported directly to the liver [60]. 

As a result, gene transfer from Ad5 is mostly limited to the liver. Although this approach has 

shown utility in several diseases, ablating this targeting allows for potentially advantageous 

delivery to different tissues, such as the endothelium [61]. Additionally, ablating this 

targeting via hexon or fiber modifications allows for transduction of cells in the blood, such 

as mobilized hematopoietic stem cells, and potentially any other type of circulating cell 

given proper vector engineering [62]. Several strategies have been used to achieve this liver 

de-targeting, including the use of Ad serotypes with low or no binding FX (such as Ad35) 

and genetic modification of the Ad hexon protein [63,64]. Finally, the strong liver tropism of 

Ad5 can result in significant immune responses, resulting in hepatoxicity [65]. Designing 

vectors with altered tropism is therefore an important step in overcoming this issue with 

Ad5. The success of these strategies represents a critical step in realizing a central goal of 
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gene therapy - delivering genetic corrections to specific cells or tissues. Avoidance of liver 

targeting is an important step in engineering vectors to achieve this goal.

The fiber protein is another popular target for Ad5 modification. The Ad5 fiber mediates 

binding to the coxsackie and adenovirus receptor (CAR), which is followed by 

internalization of the viral particle, initiating the first step in cell infection [66]. Although 

CAR is expressed on many tissues, its expression is low on cells of interest for gene therapy 

such as cancer cells and hematopoietic stem cells [67,68]. As such, alteration of Ad tropism 

has long been a goal of Ad engineering. Multiple strategies have been utilized to achieve 

this. Pseudotyping has been one of the most successful techniques towards this end – in this 

process, all or part of the Ad5 fiber is genetically removed and replaced with a fiber from a 

different Ad serotype, or even a non-human Ad (termed xenotyping). Through this process, 

the well-studied Ad5 biology is preserved, but cell targeting is altered [49]. This has been 

used to dramatically alter Ad5 tropism, such as expanding tropism towards hematopoietic 

stem cells using an Ad35 fiber targeting the CD46 receptor [68].

Although fiber swapping has been highly successful, it generally results in expanded or 

altered tropism without selectivity towards a single cell or tissue type. As cell and tissue 

specificity is one the of the goals of vector engineering, molecular adaptors and chimeric 

fiber fusion proteins have been explored. The molecular adaptor strategy consists of 

administering an Ad5 type vector along with a chimeric adaptor protein containing a binding 

domain for the Ad5 fiber on one end (such as the soluble CAR domain) and a binding 

domain for a selected surface protein present on the target cell type on the other end. This 

adaptor then allows binding between Ad5 and the target protein, creating a bridge to the 

target cell by binding to the designated receptor [69–71]. A strong advantage of this 

approach is the ability to utilize the large repertoire of antibodies and other binding proteins 

to easily design an adaptor which binds to selected surface proteins on the target cell type.

Although this strategy shows promise in targeting specific cell types, the design and 

implementation of adaptor molecules suitable for in vivo delivery is challenging, and clinical 

translation of a two-component system may further complicate the already difficult process 

of moving genetic therapies from bench to bedside [49,72]. As an alternative strategy, 

genetic modification of the Ad5 fiber protein has been pursued. Alteration of Ad tropism 

towards targeted cell surface proteins has been shown via the incorporation of peptide 

ligands, single domain antibodies and other targeting agents into the Ad5 fiber [73–75]. This 

complex and elegant strategy is a significant achievement in vector engineering, enabling 

genetic targeting of Ads to specific cell types. This represents a large step towards the goal 

of cell specific gene therapy. However, this technology is still in its infancy, and various 

questions regarding the in vivo efficacy of these constructs remain unanswered.

In addition to tropism alteration via incorporation of targeting agents, the Ad5 fiber protein 

has also been genetically altered to expand its tropism rather than restrict it. The Ad5 fiber 

has been modified to include cell binding motifs such as tripeptide Arg-Gly-Asp (RGD) or 

polylysine, which expands the tropism nonspecifically beyond the CAR receptor. This 

approach has particular utility for treating cancers, many of which are refractory to Ad5 

infection due to low expression of CAR [76,77]. In total, these technologies demonstrate the 
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feasibility of engineering Ads for use in targeted gene therapy. For a comprehensive review 

of these tissue targeting strategies see [49].

Finally, Ads possess a significant cost and scalability advantage over other vectors including 

AAV. Even the more complex gutless Ads are producible at scale for roughly 1/50th the cost 

of rAAVs [30]. This advantage is further demonstrated by Johnson & Johnson’s 

announcement that their lead candidate for vaccination against COVID19 is an adenovirus. 

This confidence that an Ad based vaccine can be scaled to global levels prove its utility in 

this realm [78].

Given the clear advantages of Ads for in vivo gene delivery, several reports have described 

the use and efficacy of these vectors for in vivo delivery of the CRISPR-Cas machinery, 

enabling correction of various diseases in mice.

ADENOVIRUS FOR INHERITED DISORDERS

The most widely used application of adenoviruses for in vivo delivery of CRISPR-Cas thus 

far has been the treatment of inherited disorders. These approaches have generally followed 

one of two strategies; utilizing either NHEJ to knock out mutated genes, or HDR to knock in 

corrected genes.

The earliest explorations of adenovirus for in vivo CRISPR-Cas delivery utilized NHEJ 

[79,80]. In these studies, the general strategy employed was to deliver a standard Ad5 vector 

to the liver with Cas9 and a gRNA designed to target a mutated gene. This approach was 

employed with varying degrees of success in several studies in mice, as shown in Table 2 

below.

One study utilized NHEJ but pursued an alternate method to correct Duchenne’s muscular 

dystrophy [83], in which mutations in the dystrophin gene cause a frame shift that results in 

the entire protein being misfolded. To correct this, the authors utilized a clever “exon 

skipping” strategy – due to the size of the dystrophin gene, an entire mutated exon was 

excised, resulting in correction of the disease-causing frame shift mutation. Impressively, 

intramuscular injections of Ad delivering Cas9 and two gRNAs to cut out the exon resulted 

in systemic improvement in the rat muscular dystrophy model used. This particular study 

highlights the strength of techniques that are able to utilize the NHEJ pathway rather than 

HDR – approaches that are less straight forward may be able to succeed due to the high 

efficiency of NHEJ.

Another study utilized a similar strategy to induce switching of hemoglobin production in 

erythrocytes from beta to gamma globin [81]. This strategy has proven useful for correcting 

hemoglobinopathies such as beta-thassalemia and sickle cell disease – the presence of the 

non-mutated gamma globin is able to correct the phenotypes of these diseases if it is present 

in sufficiently high levels. The use of CRISPR-Cas to generate indels at specific locations in 

the beta-globin locus control region has been proven to be an elegant and efficient approach 

to achieve this switch [84]. The authors demonstrated the use of this technique in vivo on 

mobilized hematopoietic stem cells and were able to achieve near corrective levels of 

gamma globin in the blood [81]. Importantly, the authors were able to achieve this gene 

Boucher et al. Page 7

J Control Release. Author manuscript; available in PMC 2021 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



editing using an advanced engineered Ad5 vector containing a fiber swap and other fiber 

mutations, demonstrating the utility of the aforementioned vector engineering strategies to 

achieve highly complex and challenging in vivo gene edits with CRISPR-Cas.

An alternative approach to NHEJ is to utilize HDR to knock in corrective genes – rather than 

trying to knock out regions of the beta-globin locus control region to generate gamma 

globin, knock in of the gamma globin gene could be used, for example. Although this 

approach could be generally less efficient than those based on NHEJ, it has the advantage of 

being a potentially universal treatment for diseases caused by deficiencies of plasma proteins 

[85]. If sufficient gene transfer and knock-in is achieved, producer cells could produce 

corrective amounts of protein for any such disease. This technology therefore represents a 

potential platform that could be realized via simple switching of the relevant gRNAs and 

donor DNA.

A smaller number of studies have utilized this technology. In the earliest study found for this 

review, the authors described successful integration of a gene corrective for hemophilia B 

into the livers of hemophilic mice [86]. The authors tested adenovirus alongside injected 

plasmid DNA and found that although adenovirus produced significantly higher rates of 

HDR, a corrective phenotype was not seen, potentially due to liver damage and 

inflammation from the vector. Interestingly, this result is at odds with the results seen in 

future studies, and could stem from vector design and quality, gRNA design, and differences 

in animal models. Regardless, this study does highlight the need to consider immune 

responses against the vector used in any gene transfer study.

Two other studies utilized a similar Ad5 system with liver transduction but achieved 

dramatically different results [85,87]. In these studies, a two-vector system was used to 

deliver Cas9 and a gRNA targeting the mouse ROSA26 safe-harbor locus, and template 

DNA for correction of either hemophilia B or alpha-1-antitrypsin deficiency. In both cases, 

high rates of HDR were observed without apparent long-term damage to the mouse livers. 

Remarkably, transgene expression was studied for > 200 days in each case, comparing the 

CRISPR-Cas system against standard episomal Ads, which demonstrated that the integrative 

systems persisted at higher levels than the episomal vectors throughout the course of the 

entire study. These studied showed that Ad5 transduction of hepatocytes and transgene 

integration with CRISPR-Cas could achieve corrective levels of protein in the blood for an 

extremely long timespan.

Lastly, a recent study further demonstrated the potential of advanced Ad vector design in 

combination with CRISPR-Cas [57]. In this study, mobilized HSCs were transduced with 

the same fiber swapped Ad5 vector previously described. A two-vector system was utilized 

delivering Cas9 and a gRNA targeting the AAVS1 locus in transgenic mice with donor 

template DNA containing gamma globin under the control of the beta-globin locus control 

region with an attached mgmt in vivo selection cassette. This regime resulted in integration 

of the entire donor DNA cassette at the AAVS1 locus in hematopoietic stem cells and 

allowed the authors to provide a proliferative stimulus to the edited HSCs via the mgmt 

gene, resulting in their multiplication in vivo. Briefly, mice were treated with a drug cocktail 

toxic to normal HSCs. Edited HSCs containing the mgmt gene were resistant to the drugs, 
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allowing them to survive and replace the normal HSCs. Through this technique, the authors 

achieved potentially corrective levels of gamma globin in the blood, possibly enabling 

treatment of beta-thassalemia and sickle cell disease.

ADENOVIRUS FOR CANCER GENE THERAPY

Several studies in mice have also demonstrated the utility of Ads for delivering the CRISPR-

Cas system in vivo for the treatment of cancer [88–91]. Ads have a strong history as 

oncolytic vectors with over 200 clinical trials ongoing at the time of writing [92]. In general, 

these therapies rely on the ability of replicating Ads to lyse infected cells. Tumor specific 

promoters driving the genes responsible for Ad replication have enabled the generation of 

so-called “conditionally replicative Ads”, which have the potential to selectively destroy 

tumor cells while sparing off-target tissues. The inherent immunogenicity of Ads further 

strengthens the immune response against cancer, and the packing capacity of Ad can be 

harnessed to deliver therapeutic compounds to the cancer cells at the same time [72].

The advent of CRISPR-Cas technology has added an additional potential utility to oncolytic 

Ads. In general, these studies aimed to leverage the targeted nature of CRISPR-Cas to 

knock-out or inhibit mutated oncogenes, such as EGFR or KRAS [88,91]. A strength of this 

approach was the ability to select PAM sites that allow Cas9 or inactivated Cas9 (dCas9) to 

bind to the mutated oncogene while sparing normally functioning copies of the gene. dCas9 

is a mutated version of spCas9 without nuclease activity. As a result, dCas9 can bind to 

DNA but not introduce nicks or DSBs. This protein can be tied to a DNA activator or 

repressor domain (such as VP64 or KRAB, respectively) to selectively turn on or off 

transcription at targeted sites. This technology is also known as CRISPRa and CRISPRi, as 

described previously. Compared to traditional Cas9 knock-out techniques, using dCas9 to 

inhibit transcription may be safer due to the lack of introduced DSBs and lower chances for 

off-target effects [90]. However, one study did find that a Cas9 knockout was more effective 

in inhibiting tumor growth than dCas9-KRAB repression [91]. As always, the tradeoff 

between safety and efficiency must be considered when developing such therapies.

This CRISPR-Cas based approach to reduce the activity of mutated oncogenes increases the 

safety profile of such therapies and possesses significant advantages over conventional 

small-molecule or antibody inhibition-based strategies. Rather than inhibiting the product of 

various oncogenes, CRISPR-Cas technology directly targets the genes themselves, 

potentially enabling one-shot treatments that dramatically alter the tumor genome. 

Additionally, the CRISPR-Cas system is highly modular and flexible. Compared to the 

lengthy and costly process to develop new antibodies or small molecules inhibiting each 

target mutant protein, development of new gRNAs is trivial. Furthermore, multiplexing of 

gRNAs into a single vector and dose is possible, potentially targeting multiple mutated 

genes in one shot [56].

One unique utilization of more advanced genome engineering techniques to treat cancer was 

reported [89]. In this study, the authors developed a photoactivable CRISPR-Cas system. 

Cas9 was fused to two CIBN domains, while the DNA activating VP64 domain was fused to 

a CRY2 domain. In the presence of blue light, CIBN and CRY2 are capable of dimerization. 
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Thus, upon activation of the system dCas9 binds to its target DNA sequence, and CIBN and 

CRY2 dimerize to link VP64 to dCas9 and activate gene transcription. The authors utilized 

this system to target the gene Dkk-3, which has been implicated as a tumor suppressor. 

Without blue light, dCas9 is bound to the target DNA but unable to influence transcription. 

In the presence of blue light, VP64 is brought close to the dCas9 binding site via CIBN/

CRY2 binding and Dkk-3 transcription is activated. The authors demonstrated that this 

technology could be utilized to control Dkk-3 spatially and temporally, with tumor 

suppression observed after Dkk-3 activation [89].

This novel technology could be explored for spatiotemporal control of any CRISPR-Cas 

based gene therapy, potentially resulting in an increased safety profile. Uncontrolled Cas9 

expression has been implicated with undesirable toxicities and off-target editing events, thus 

highlighting the need for control of these systems [93,94].

In contrast, most described systems thus far have been relatively simple – a single vector 

delivered intratumorally produces Cas9 with a gRNA targeting a mutant oncogene. The 

results obtained have been generally impressive, with studies often achieving significant 

reduction in tumor growth in mouse xenograft models. Of course, a limitation of this 

approach is the requirement to screen patients for the target mutations prior to 

administration, potentially requiring design and testing of multiple gRNAs to develop a 

product capable of treating a single type of cancer. However, as described previously this 

approach is significantly more feasible with CRISPR-Cas technology than with antibodies or 

small molecules, and genetic screening of patients with cancer is increasingly common [95].

Additionally, in reality many tumors are not homogenous – a solid tumor may contain cells 

harboring the targeted mutation and cells that lack it [96]. Knocking out of the target 

oncogene may reduce cancer growth initially but eventually lead to re-emergence of the 

cancer from spared cells lacking the mutation. Combining multiplexed CRISPR-Cas based 

therapeutic techniques with traditional oncolytic virotherapy approaches might be a solution. 

It is easy to envision a single conditionally replicative Ad vector delivering Cas9 and 

multiple gRNAs, along with a transgene promoting apoptosis or a pro-drug, potentially 

attacking the tumor from multiple angles.

Finally, all studies found at the time of writing this article relied on intratumoral injection of 

the vector. While this strategy is applicable to certain cancers, it is likely less applicable to 

more diffuse or metastatic cancers. It may be useful to develop Ads capable of targeting 

cancer cells after systemic administration. There are numerous reports in the literature of 

Ads with tropism towards specific tissues such as the lung, kidneys and of course liver 

[65,97]. This approach may be useful for cancers for which local administration is not 

feasible due to the tumor location or diffuse nature.

LESSONS LEARNED AND FUTURE OUTLOOK

Numerous studies have now shown the potential utility of Ad vectors for in vivo delivery of 

the CRISPR-Cas machinery. These studies have focused on and achieved success with 

various inherited disorders and cancer. However, several unanswered questions remain, 

Boucher et al. Page 10

J Control Release. Author manuscript; available in PMC 2021 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



namely 1) the extent and impact of off-target edits and 2) understanding and mitigating 

immune responses.

An increasing number of reports have discussed the potential for undesirable outcomes due 

to off-target editing by CRISPR-Cas systems. Although Cas9 is guided to a selected site by 

the gRNA, the match need not be perfect for binding, leading to DSBs outside the target site 

[98]. This can result in gene deletions or insertions at undesired locations in the genome or 

translocations when DSBs are created on different chromosomes [32], potentially producing 

deleterious effects. Awareness of this issue is especially critical for in vivo editing. 

Increasingly powerful profiling and purification technologies allow for selection of cells 

containing the desired traits when editing is conducted ex vivo, reducing the risk of 

introducing pathogenic mutations into the patient. However, this selection is impossible with 

in vivo editing. It is therefore of utmost importance to the translation of this technology to 

obtain a robust understanding of the extent and effects of off-target editing after CRISPR-

Cas delivery.

One strategy which has been employed when developing HDR knock-in strategies has been 

the use of a genetic safe-harbor locus. Safe-harbor loci are considered areas of the genome 

where genetic edits are unlikely to introduce issues. A variety of requirements have been 

proposed, but in general a safe-harbor locus should be far from rapidly replicating genes, far 

from oncogenes and not involved in critical cellular processes [99]. Several human and 

mouse safe-harbor loci have been proposed and utilized, including AAVS1 in humans and 

ROSA26 in mice [57,100].

These loci can alleviate some of the risks encountered when utilizing HDR knock-in 

strategies by potentially reducing detrimental effects from NHEJ. For example, if correction 

of sickle cell disease was undertaken in vivo by using two gRNAs and Cas9 to attempt to cut 

out the defective beta-globin gene and knock-in a corrected one, even at relatively high HDR 

efficiencies most cells would contain an indel produced by NHEJ, rather than the corrected 

gene. The remaining cells would simply lack the beta-globin gene, likely causing serious 

issues. In contrast, if the corrected gene is knocked-in at a safe-harbor locus, NHEJ mediated 

edits would not interfere with important processes, while HDR edits would express the 

corrected gene. This technique therefore has potential to help reduce the risk involved in 

employing in vivo CRISPR-Cas therapies.

An additional technique which may be helpful in mediating the off-target effects of Cas9 as 

well as potential toxicities from the nuclease may be temporal control. Ideally, a CRISPR-

Cas based therapy should consist of rapid expression of Cas9 and any template DNA in the 

cell of interest, DNA cutting and integration of donor DNA if applicable, followed rapidly 

by clearance of the nuclease. Continued expression of Cas9 after these events may result in 

increased numbers of off-target edits as Cas9 continues to roam the genome and search for 

gRNA matches [101]. Interestingly, the authors of one study detected the Cas9 gene over 

200 days after they delivered it, further highlighting the need for temporal control [85]. 

Increasing reports around off-target effects of spCas9 and its immunogenicity and toxicity to 

mammalian cells highlight the need implement controls on the expression and activity of 

genome editing machineries [102,103]. A variety of approaches have been explored to 
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achieve this, including anti-Cas9 peptides [94], self-destructing cassettes with gRNAs 

against the Cas9 gene [104], and others - for a comprehensive review, see [103]. 

Adenoviruses provide an ideal opportunity to leverage these technologies due to their large 

packing capacity and studying such systems will likely prove valuable.

Moving forward, this problem may also be addressed at the fundamental level by the 

development of novel genome editing machineries. Extensive research has been undertaken 

to engineer Cas9 variants with higher efficiencies and specificities. In parallel, work is 

ongoing to attempt to discover new Cas variants in bacteria with different properties than 

Cas9. This work has resulted in variants with smaller sizes for ease in packaging, different 

PAM sequences, the ability to target RNA rather than DNA and otherwise [10]. Additionally, 

as previously described novel fusion proteins such as base editors and Prime editors have 

been created. It will likely be highly advantageous for researchers pursuing in vivo editing to 

stay abreast of these developments and choose highly specific and efficient systems which 

reduce the potential for off-target editing events.

An understanding of the body’s immune responses is also critical to the translation of this 

technology. Several studies have noted immune responses to the Ad capsid, Cas9 nuclease, 

and introduced transgene [58,80,85]. This has implications for successful therapy. Responses 

against the Ad capsid and Cas9 nuclease have not been generally reported to be overly toxic, 

but they may limit potential dosages. Liver damage and immune responses to Ad5 vectors is 

a well-documented effect. Furthermore, antibody responses to the introduced transgene may 

limit the efficacy of the therapy, depending on the nature and number of antibodies 

produced. Liver targeted gene therapy generally does not have this issue due to the liver’s 

role as a tolerance inducing organ, but expansion of gene therapy outside the liver may 

require efforts to mediate these effects, such as utilizing promoters with activity in the target 

tissue and the liver [105].

CONCLUSIONS

As gene therapy continues to be explored scientifically and clinically, increasingly advanced 

systems have become possible. Capitalizing on the tremendous potential of CRISPR-Cas 

technology, adenoviral vectors have achieved potentially corrective levels of permanent 

genomic editing, either through gene knock-in or knock-out. Although ex vivo cell editing 

has resulted in several successes, its utilization is limited to high-cost diseases in the first 

world where advanced medical technology is available and cell types capable of being 

collected and expanded clonally outside the body. Adenoviruses are capable of being 

engineered rationally to achieve cell specific targeting with high levels of gene transfer, 

making them an ideal vector for in vivo delivery of the CRISPR-Cas machinery.

To capitalize on the advantages of gene therapy, a simplified approach is required. The in 
vivo approach will be especially valuable to leverage the power of CRISPR-Cas for 

applications such as vaccines, where the scale is too large for ex vivo editing, or diseases 

endemic to the third world where the infrastructure is lacking for ex vivo editing. 

Additionally, taking advantage of the ability to modify the tropism of Ads may yield 

advancements in targeting blood cells such as erythrocytes and leukocytes, as well as non-
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liver organs and tissues. Ads may also have a strong potential to treat viral diseases such as 

HIV after in vivo delivery of CRISPR-Cas targeting viral DNA. Future work with advanced 

vectors and genome editing technologies therefore has the potential to treat diseases 

previously beyond the reach of medical science and improve on human health.
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HIGHLIGHTS

• CRISPR-Cas gene editors provide unprecedented opportunities for gene 

therapy

• In vivo editing of cells is advantageous but requires an efficient delivery 

vector

• Adenoviral vectors possess unique advantages that enable in vivo editing

• Adenoviral vectors have achieved successful in vivo editing in mouse disease 

models
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Figure 1: 
Overview of CRISPR-Cas technology for medicine. A) Cas nucleases create targeted DSBs 

in dsDNA via gRNA hybridization with complementary DNA. Shows a molecular graphic 

of spCas9 with guide RNA in complex with DNA. PDB ID: #4OO8 [24]. Rendered with 

UCSF ChimeraX [25]. B) Potential therapeutic applications of CRISPR-Cas [26,27].

Boucher et al. Page 21

J Control Release. Author manuscript; available in PMC 2021 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 
Adenovirus structure. A) Adenovirus capsid structure. The various hexon protein chains are 

colored in blues, penton protein in green, and hexon-interlacing protein in red. Trimer fiber 

inserts into green penton protein center (not shown). B) Hexon monomeric unit. 

Hypervariable loop 1 is shown on green and hypervariable loop 2 is shown in red. 

Alignment of hypervariable regions determined from [50] C) Side view of fiber knob from 

Ad2 (structurally similar to Ad5 and four shaft repeat motifs. D) Top view of fiber Ad5 fiber 

knob showing trimeric symmetry. PDB IDs: 6B1T (A, B) [51], 1QIU (C) [52], and 6HCN 

(D) [53]. Rendered with UCSF ChimeraX [25]. Print in color.
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Figure 3: 
Strategies for modifying Ad5 tropism, including A) Molecular adaptors B) Fiber swaps and 

C) Fiber modifications. Re-used with permission from [49].
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Figure 4: 
Overview of explored strategies for CRISPR-Cas mediated gene editing in vivo using 

Adenovirus. Ads delivering the Cas9 gene and gRNA can induce gene editing via NHEJ in 

the liver or in circulating hematopoietic stem cells (HSCs) after systemic administration. 

Intratumoral delivery can mediate NHEJ in tumor cells. Alternatively, a two-vector system 

delivering the Cas9 gene and gRNA in one vector and donor template DNA in another can 

achieve HDR in the liver or circulating HSCs.
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Figure 5: 
Potential future applications of in vivo adenoviral CRISPR-Cas delivery.
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Table 1:

CRISPR-Cas based gene therapy programs currently pursued by several major companies, including CRISPR 

Therapeutics, Editas Medicine, Intellia Therapeutics and Beam Therapeutics [13–23].

Company Disease Editing Phase Administration

CRISPR Therapeutics

β-thalassemia NHEJ Clinical Ex vivo

Sickle cell disease NHEJ Clinical Ex vivo

Anti-CD19 allogeneic CAR-T NHEJ & HDR Clinical Ex vivo

Anti-BCMA allogeneic CAR-T NHEJ & HDR Clinical Ex vivo

Anti-CD70 allogeneic CAR-T NHEJ & HDR Clinical Ex vivo

Type I diabetes mellitus NHEJ & HDR Research Ex vivo

Glycogen storage disease type 1a NHEJ & HDR Research In vivo

Duchenne Muscular Dystrophy NHEJ & HDR Research In vivo

Myotonic dystrophy type 1 NHEJ & HDR Research In vivo

Cystic fibrosis NHEJ & HDR Research In vivo

Editas Medicine

Leber congenital amaurosis 10 NHEJ Clinical In vivo

Usher syndrome 2A NHEJ Research In vivo

Autosomal dominant retinitis pigmentosa 4 HDR Research In vivo

Neurological Diseases Unknown Research In vivo

Sickle Cell Disease NHEJ Research Ex vivo

β-thalassemia NHEJ Research Ex vivo

Cancer – Healthy Donor NK Cells NHEJ & HDR Research Ex vivo

Cancer – iPSC NK Cells NHEJ & HDR Research Ex vivo

Cancer - γδ T cells NHEJ & HDR Research Ex vivo

Cancer αβ T cells NHEJ & HDR Research Ex vivo

Intellia Therapeutics

Transthyretin amyloidosis NHEJ Research In vivo

Hereditary Angioedema NHEJ Research In vivo

Hemophilia A and B HDR Research In vivo

Undisclosed programs NHEJ & HDR Research In vivo

Sickle cell disease NHEJ & HDR Clinical Ex vivo

Acute myeloid leukemia NHEJ & HDR Research Ex vivo

Solid tumors NHEJ & HDR Research Ex vivo

Undisclosed programs Unknown Undisclosed Ex vivo

Beam Therapeutics

Sickle Cell Disease Base Editing Research Ex vivo

β-thalassemia Base Editing Research Ex vivo

T-cell acute lymphoblastic leukemia Base Editing Research Ex vivo

Acute myeloid leukemia Base Editing Research Ex vivo

Alpha-1 antitrypsin deficiency Base Editing Research In vivo

Glycogen storage disorder 1a Base Editing Research In vivo

Undisclosed Base Editing Research In vivo

Stargardt disease Base Editing Research In vivo
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Table 2:

Ongoing clinical trials using CRISPR-Cas technology, via search of Clinicaltrials.gov [27]. Observational and 

diagnostic studies excluded.

Title Phase Status Conditions Interventions Sponsor/Location

Safety of Transplantation of 
CRISPR CCR5 Modified 

CD34+ Cells in HIV-infected 
Subjects with Hematological 

Malignancies

N/A Recruiting HIV-1 Infection Infusion of HSPCs modified ex 
vivo to knockout CCR5 gene

Affiliated Hospital to 
Academy of Military 

Medical Sciences/
China

Study of CRISPR-Cas9 
Mediated PD-1 and TCR 

Gene-knocked Out 
Mesothelin-directed CAR-T 

Cells in Patients With 
Mesothelin Positive Multiple 

Solid Tumors

I Recruiting Mesothelin+ Solid 
Tumors

Infusion of anti-mesothelin 
CAR-T cells modified ex vivo to 
knockout PD-1 and TCR genes

Chinese PLA 
General Hospital/

China

CRISPR (HPK1) Edited 
CD19-specific CAR-T Cells 
(XYF19 CAR-T Cells) for 

CD19+ Leukemia or 
Lymphoma

I Recruiting Leukemia or 
Lymphoma

Infusion of anti-CD19 CAR-T 
cells modified ex vivo to 

knockout HPK1 gene

Xijing Hospital/
China

A Safety and Efficacy Study 
Evaluating CTX001 in 

Subjects With Transfusion-
Dependent β-Thalassemia

I/II Recruiting Beta-Thalassemia Infusion of HSPCs modified ex 
vivo to disrupt the BCL11A gene

Vertex 
Pharmaceuticals/US

A

A Safety and Efficacy Study 
Evaluating CTX120 in 

Subjects With Relapsed or 
Refractory Multiple Myeloma

I Recruiting Multiple Myeloma Infusion of anti-BCMA CAR-T 
cells modified ex vivo

CRISPR 
Therapeutics 

AG/USA

A Safety and Efficacy Study 
Evaluating CTX001 in 

Subjects With Severe Sickle 
Cell Disease

I/II Recruiting Sickle Cell Disease Infusion of HSPCs modified ex 
vivo to disrupt the BCL11A gene

CRISPR 
Therapeutics/USA

A Safety and Efficacy Study 
Evaluating CTX110 in 

Subjects With Relapsed or 
Refractory B-Cell 

Malignancies

I/II Recruiting

B-cell Malignancy, 
Non-Hodgkin 

Lymphoma, B-Cell 
Lymphoma

Infusion of anti-CD19 CAR-T 
cells modified ex vivo

CRISPR 
Therapeutics 

AG/USA

iHSCs With the Gene 
Correction of HBB Intervent 
Subjests With β-thalassemia 

Mutations

I Not yet 
recruiting Beta-Thalassemia

Infusion of iHSCs modified ex 
vivo to genetically correct the 

HBB gene

Allife Medical 
Science and 

Technology Co., 
Ltd./n/a

Study of PD-1 Gene-knocked 
Out Mesothelin-directed CAR-
T Cells With the Conditioning 
of PC in Mesothelin Positive 

Multiple Solid Tumors

I Recruiting Mesothelin+ Solid 
Tumors

Infusion of anti-mesothelin 
CAR-T cells modified ex vivo to 
knockout PD-1 in combination 

with Paclitaxel and 
Cyclophosphamide

Chinese PLA 
General Hospital/

China

A Study Evaluating 
UCART019 in Patients With 

Relapsed or Refractory CD19+ 
Leukemia and Lymphoma

I/II Recruiting B Cell Leukemia/
Lymphoma

Infusion of anti-CD19 
“universal” CAR-T cells 

modified ex vivo to disrupt TCR 
and B2M genes

Chinese PLA 
General Hospital/

China

A Feasibility and Safety Study 
of Universal Dual Specificity 

CD19 and CD20 or CD22 
CAR-T Cell Immunotherapy 
for Relapsed or Refractory 
Leukemia and Lymphoma

I/II Recruiting B Cell Leukemia/
Lymphoma

Anti-CD19/CD20 or Anti-CD19-
CD22 dual specificity CAR-T 

cells

Chinese PLA 
General Hospital/

China

Cell Therapy for High Risk T-
Cell Malignancies Using CD7-

Specific CAR Expressed On 
Autologous T Cells

I Not yet 
recruiting

T-cell Acute 
Lymphoblastic 

Leukemia/

Infusion of anti-CD7 CAR-T 
cells modified ex vivo to remove 

the CD7 gene in combination 
with Fludarabine and Cytoxan

Baylor College of 
Medicine/USA
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Title Phase Status Conditions Interventions Sponsor/Location

Lymphoma, T-non-
Hodgkin Lymphoma

PD-1 Knockout Engineered T 
Cells for Metastatic Non-small 

Cell Lung Cancer
I Active

Metastatic Non-
small Cell Lung 

Cancer

Infusion of T cells modified ex 
vivo to knockout PD-1 in 

combination with 
Cyclophosphamide

Sichuan University/
China

PD-1 Knockout EBV-CTLs for 
Advanced Stage Epstein-Barr 

Virus (EBV) Associated 
Malignancies

I/II Recruiting

Stage IV Gastric 
Carcinoma, Stage IV 

Nasopharyngeal 
Carcinoma, Stage IV 

T-cell Lymphoma, 
Stage IV Adult 

Hodgkin Lymphoma, 
Stage IV Diffuse B-

Cell Lymphoma

Infusion of cytotoxic T cells 
modified ex vivo to knockout 

PD-1 in combination with 
Fludarabine, Cyclophosphamide 

and Interleukin-2

Yang Yang/China

Single Ascending Dose Study 
in Participants With LCA10 I/II Recruiting Leber Congenital 

Amaurosis 10

Sub-retinal injection of AAV5 
carrying SaCas9 and two gRNAs 

for exon splicing mediated 
correction of disease

Allergan/USA
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Table 3:

Studies that used Adenovirus to achieve NHEJ gene knockout to potentially treat or study inherited disorders.

Study and Reference Year Disease Results Summary

Reactivation of γ-globin in adult β-YAC 
mice after ex vivo and in vivo 
hematopoietic stem cell genome editing 
[81]

2018 β-
thassalemia/SCD

Advanced Ad5/35 fiber modified vector delivering Cas9 targeting 
BCL11A was administered intravenously targeting mobilized 

hematopoietic stem and progenitor cells. BCL11A was targeted as 
knockout mutations can induce switching from beta-globin to 
gamma-globin, potentially correct sickle cell disease and beta-
thassalemia. After in vivo selection of edited HSPCs 13% of 

RBCs were positive for gamma-globin.

Therapeutic Genome Editing With 
CRISPR/Cas9 in a Humanized Mouse 
Model Ameliorates α1-antitrypsin 
Deficiency PhenotypAmeliorates α1-
antitrypsin Deficiency Phenotype [82]

2018
Alpha-1-

antitrypsin 
deficiency

Ad5 delivering Cas9 targeting mutant hSERPINA was delivered 
intravenously to knock-down levels of mutated alpha-1-

antitrypsin (AAT) and reduce damage to the liver and lungs 
caused by the misfolded protein. Treated mice showed reduced 

liver damage and reduced levels of AAT.

CRISPR mediated Genome Editing 
Restores Dystrophin Expression and 
Function in mdx Mice [83]

2016
Duchenne 
muscular 
dystrophy

Ad5 delivering Cas9 and two gRNAs was delivered 
intramuscularly to excise a mutated exon from mdx mice and 
restore the reading frame of the dystrophin gene. Treated mice 

had significantly increased levels of functional dystrophin.

Adenovirus-Mediated Somatic Genome 
Editing of Pten by CRISPR/Cas9 in Mouse 
Liver in Spite of Cas9-Specific Immune 
Responses [80]

2016
Nonalcoholic 

steatohepatitis, 
Cancer

Ad5 delivering Cas9 targeting PTEN was administered 
intravenously. Reduced PTEN levels in the liver correlate with 

liver conditions such as nonalcohol steatohepatitis and liver 
cancers. Adult mice treated with the vector developed phenotypic 

characteristics similar to traditional PTEN knockout strains.

Permanent alteration of PCSK9 with in 
vivo CRISPR-Cas9 genome editing [79] 2014 Coronary Heart 

Disease

Ad5 delivering Cas9 targeting PCSK9 was administered 
intravenously as a strategy to reduce heart disease. PCSK9 was 
targeted for knockout as mutations can cause severely increased 

LDL levels. Treated mice showed significant reductions in plasma 
LDL and PCSK9 levels.
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