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Abstract

CRISPR-based genome editing technologies are poised to enable countless new therapies to 

prevent, treat or cure diseases with a genetic basis. However, the safe and effective delivery of 

genome editing enzymes represents a substantial challenge that must be tackled to enable the next 

generation of genetic therapies. In this perspective we summarize recent progress in developing 

enzymatic tools to combat genetic disease and examine current efforts to deliver these enzymes to 

the cells in need of correction. Viral vectors already in use for traditional gene therapy are being 

applied to enable in vivo CRISPR-based therapeutics, as are emerging technologies such as 

nanoparticle-based delivery of CRISPR components and direct delivery of pre-assembled RNA-

protein complexes. Success in these areas will allow CRISPR-based genome editing therapeutics 

to reach their full potential.

Introduction

A major barrier to treatment or prevention of many diseases is the delivery of an effective 

medicine to a target. Barriers to delivery of medicines exist at the level of the organism, 

organ, cell and organelle. More than 100 years of modern medical research has given us 

vaccines, antibiotics, anti-cancer drugs and many other lifesaving preventive, therapeutic or 

curative medicines based on biologics or small molecule pharmaceuticals. Despite this we 

continue to battle both old and new diseases that require new forms of medicine.

With the advent of robust genome engineering technologies we are rapidly entering a new 

era of biologics in which genome therapies and new types of cellular therapies that rely on 

genome engineering will reshape our ability to prevent, treat or cure disease. The discovery 

and application of CRISPR systems as programmable gene editors have revolutionized our 

ability to use gene editing in biomedical research. Many excellent articles have reviewed 
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recent progress in the field of therapeutic genome editing1–7 and so here we will focus on 

the delivery of current gene editing platforms in vivo as genome therapeutics. This 

perspectives piece is motivated by the fact that in many diseases the successful application 

of genome therapies to treat human diseases will be limited by effective in vivo delivery 

platforms. In this perspective, we will discuss the current state of the art and next generation 

options for in vivo delivery of genome therapies. We will focus on physiologic barriers to 

gene editor delivery and then highlight viral, nanoparticle and engineered protein delivery 

options for genome therapeutics (Figure 1).

The challenges to implementing any genome therapeutic as a medicine in humans are 

perhaps most similar to those faced for pioneering gene therapy efforts. Gene therapy 

platforms generally seek to deliver a transgene to restore the function of cells that are 

defective due to a genetic mutation. Although this idea is conceptually quite simple, in 

practice implementing gene therapy in humans is enormously challenging. In gene therapy a 

common mantra is that the three most important challenges for gene therapy are delivery, 

delivery and delivery. A second and perhaps less glib challenge is for gene therapy to be a 

safe form of medicine in humans. Initial gene therapy trials demonstrated that delivery 

methods such as early lentiviral platforms can induce a risk of cancer due to integration near 

proto-oncogenes which is an unacceptable safety risk in many diseases8. The acceptable 

risks of a particular therapy are related to the severity of the condition being treated, and 

genome editing will only reach its full therapeutic potential if it is safe enough to warrant 

treatment of non-life-threatening diseases.

Genome therapeutics correct, prevent or alleviate disease by targeting inherited or 

spontaneous pathogenic alleles or mutations in the human genome. In contrast, gene 

therapies correct diseases through delivery of an artificial transgene. Initially, genome 

therapeutics were thought to face three main challenges which were gene editing activity, 

gene editing specificity and gene editor delivery. However, due to the incredibly rapid 

progress of CRISPR gene editing platforms it is increasingly apparent that the major 

challenge for genome therapeutics is delivery. It is however important to note that the first 

genome therapy trials in humans are being carried out using a Zinc Finger Nuclease 

platform9. These first trials will provide a roadmap for how regulatory agencies will measure 

efficacy and safety for genome therapeutics in humans. Gene therapy and genome 

therapeutics largely face the same delivery challenges, which have been approached using 

similar means but with important distinctions. For example, gene therapies are delivered as 

DNA or RNA while CRISPR genome therapeutics can be delivered as DNA, RNA or 

ribonucleoprotein complexes (RNP). Most gene therapies are designed to permanently 

change a disease state but some that utilize RNA delivery platforms must be continually 

applied. In contrast by definition a gene editor applied as a DNA, RNA or RNP genome 

therapeutic will induce a permanent change. In the simplest case, genome therapeutics are 

designed to disrupt dominant negative or gain-of-function pathogenic mutations. To correct a 

loss-of-function mutation a genome therapeutic must consist of both a gene editor system 

and a homology repair donor. Homology repair donors can either be single or double 

stranded DNA. To create a plan for how any genome therapeutic should be applied in 

humans we must consider more generally the principles of pharmacology for biologic 

therapeutics.
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The pharmacology of genomic therapeutics

Pharmacology is the study of drug action. More specifically pharmacology is frequently 

described as the science of drug absorption, distribution, metabolism and excretion. These 

topics seek to describe drug activity on the physiology of different organs and cell types 

within the body. Historically, pharmacology has focused on small molecule drugs, although 

many of the principles of pharmacology apply to biologics and more specifically to genomic 

therapies. Small molecule drugs are the most widely used type of medicine in part because it 

is relatively simple to design a small molecule drug that is permeable across cell membranes 

and orally bioavailable. Many widely used small molecule drugs broadly follow classic rules 

which maximize favorable small molecule pharmacology in humans. Most medicinal 

chemistry campaigns identify a lead small molecule compound and then hundreds of 

derivative small molecules are created to search for an optimal molecule with both high 

affinity for a target and favorable pharmacology. In contrast, biopharmaceuticals are not 

orally bioavailable and often are highly engineered to maximize their pharmacological 

properties. Biologics such as recombinant proteins or antibodies engage their target to 

therapeutic effect at the cell surface and thus delivery considerations are limited to issues 

such as stability in the body and tissue distribution. In contrast, genome therapeutics must be 

delivered to the target cell, enter the cell and deliver a gene editing reagent to the nucleus. 

Traditional biological therapeutics that must enter a cell have had limited success, as the 

intracellular delivery of most macromolecular drugs is generally too inefficient to durably 

inhibit the target protein or RNA. In contrast, genomic therapeutics enact a permanent 

change to the target sequence of DNA and as such are likely to have more success even with 

low delivery efficiency. However, the viability of this concept in a therapeutic context 

remains to be determined for most diseases.

The delivery of both small molecule and biologic therapeutics is not equal across the body. 

Some organs such as the liver are highly accessible to both small molecules and biologics. 

The liver is the main organ responsible for detoxifying small molecules or toxins from the 

blood through the action of cytochrome C P450 enzymes. The liver also is responsible for 

regulation of cholesterol through the release and absorption of chylomicrons which have 

similar properties to biologics such as nanoparticles and some viruses. Due to these 

properties, in practice most small molecules and many biologics accumulate at high 

concentrations in the liver where they are absorbed and either cleared or have some activity. 

This property has been exploited for gene therapy and dozens of clinical trials are currently 

in progress for gene therapy in the liver10. However, for many diseases the liver’s ability to 

act as a sponge for macromolecules and viruses represents a major barrier to effective 

delivery of therapeutics to other organs.

Tissues such as skeletal muscle and the brain have other unique physiology that must be 

specifically considered in the context of genome therapeutics, both when considering means 

of delivery and required payload. Mature muscle fibers form from fusion of immature 

myoblasts and as such are polyploid. In diseases that arise from muscle dysfunction, this 

likely means that editing of causative disease genes is only required in some fraction of 

nuclei within a muscle fiber in order to regenerate muscle function. Indeed, it has been 

estimated for Duchenne’s muscular dystrophy that restoration of the causative DMD gene to 
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as little as 4% of wild type levels or function will rescue many of the worst clinical 

consequences of the disease11. Therefore, this feature of muscle physiology may in some 

cases simplify application of genome therapeutics for treatment of disease of muscle that 

currently lack therapeutic alternatives. For most diseases experimental models will be 

required to determine the level of therapeutic genome therapy necessary for clinical benefit.

Perhaps the most difficult organ for delivery is the brain. The brain is naturally protected 

from small molecules, biologic and cellular therapeutics by the blood brain barrier. The 

blood brain barrier is the interface of endothelial and peri-endothelial cells between the 

peripheral circulatory system and brain tissue. Some progress has been made on predicting 

or designing small molecules that penetrate the blood brain barrier but many drugs fail to 

accumulate at high levels in the brain12,13. Of course, this barrier function is useful to 

protect the brain against pathogens and overactive immune cells, but for brain diseases such 

as glioblastoma this feature of the brain is one factor that has limited our ability to treat this 

type of cancer. Exciting progress has recently been made through sophisticated protein 

engineering on protein biologics that can bypass through the blood brain barrier14. Such 

examples should serve to inform genome therapeutic efforts. Other organs such as the eye or 

testis also have unique physical barriers that will need to be considered in the context of 

genome therapeutics. The eye is additionally an immune privileged organ, so there is more 

leeway to treat patients with genome therapeutic platforms such as viruses for which pre-

existing immunity exists in the human population.

Preclinical modeling of genome therapeutics

Genome therapeutics are a complicated form of medicine resulting in a permanent change to 

the genome and as such will require the highest level of confidence for nominating gene 

targets as well as rigorous preclinical evidence. Preclinical validation will be required for 

both gene editor reagents and for gene editor delivery mechanisms. Preclinical validation for 

genome therapeutics may be in part informed by current experience with the zinc finger 

nuclease platform of gene editors but also by biologics such as humanized antibodies, as 

these therapies require additional layers of preclinical testing. Genome therapy using 

CRISPR technology has been modeled in animals for diseases of the liver15,16, 

muscle11,17,18, hematopoietic system19, eye20, brain21 and as a cellular therapeutic in 

embryos22, patient derived stem cells23, patient derived organoids24 and T cell 

immunotherapy25, and cardiovascular disease26,27.

For some diseases we have robust animal models of human biology. For example, we can 

construct humanized mice in which the immune system of the mouse is replaced with a 

human immune system28. This enables us to test genome therapeutics and delivery 

mechanisms against human diseases such as sickle cell anemia or severe combined 

immunodeficiency disorder. Recent changes to regulatory policy in some countries have 

made possible the construction of additional human disease models for diseases such as 

diabetes through the use of new interspecies chimeras29. However, despite the ability to 

model gene editing in preclinical models we lack models which enable us to test delivery 

principles in humans. Most preclinical validation in academic science is conducted in rodent 

models with a small amount of validation in larger mammals such as pigs, dogs and 
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monkeys but in any model there will be substantial differences between even the best animal 

models and humans that will impact the delivery of genome therapeutics and thereby the 

activity and specificity of genome therapeutics30–33. In summary, modeling the 

implementation of genome therapeutics in human cell culture models is relatively 

straightforward even in advanced models such as induced pluripotent stem cells or 

organoids, while modeling the delivery and activity of a human genome therapeutic in a 

preclinical model of human biology remains extremely challenging.

Delivery of human genome therapeutics

Three main platforms currently exist for in vivo delivery of genome therapeutics. 

Recombinant viral delivery platforms are the most widely used delivery platform and have a 

long history in the context of gene therapy trials. Nanoparticle delivery is a newer and highly 

attractive synthetic delivery option but to date a lack of efficacy combined with high cost 

have limited adoption of nanoparticles as a delivery platform in human clinical trials. 

Engineered protein and RNA delivery platforms are also a promising new option for delivery 

of genome therapies.

Recombinant viral delivery platforms for in vivo genome therapy

Viruses have evolved to infect human cells and propagate across cells, tissues and 

individuals in a highly effective manner. Beginning in the 1990’s researchers realized that 

the properties of a viral infection might be harnessed as a delivery platform for gene therapy. 

It was hypothesized that a virus could be recombinantly engineered as a safe programmable 

delivery platform capable of homing to a target tissue, infecting target cells and efficiently 

delivering a payload. Several types of viruses have been modified and deployed as gene 

delivery platforms including adenovirus, adeno-associated virus, herpes simplex virus, 

lentivirus, retroviruses, and vaccinia virus. Engineering viral vectors is practically 

challenging but substantial progress has been made and to date more than 2300 clinical trials 

using recombinant viruses have demonstrated that for select diseases recombinant viral 

platforms are an effective means of delivery34–37. Lentiviral and the adeno-associated viral 

vectors are two recombinant viral platforms currently in wide use for gene delivery. Both 

viruses are useful for genome therapy because they are relatively safe, easy to work with and 

have low immunogenicity unlike some other viral platforms such as adenovirus.

The lentivirus most commonly used for clinical purposes is a modified form of the human 

immunodeficiency virus (HIV) that can infect both dividing and quiescent cells. Lentivirus 

is relatively easy to work with and as such it is straightforward and inexpensive to scale up 

production to generate the high titers required for clinical medicine. Modified HIV is widely 

used for this purpose, as a decade of research demonstrated that removal of HIV genes and 

modification of viral genome elements render HIV a robust and relatively safe viral gene 

delivery platform. HIV is a retrovirus with an RNA genome. Upon infection the viral RNA 

genome is reverse transcribed to DNA and then randomly integrated into the host genome. 

Following integration, the genes encoded in a lentiviral genome are stably and permanently 

expressed in the infected cell from exogenous or engineered promoters encoded in the 

modified viral genome. Thus, there is still some risk associated with this approach because 
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the lentiviral DNA genome is semi-randomly integrated into the host genome and at some 

frequency this integration can activate aberrant expression of a proximal proto-oncogene 

resulting in cellular transformation.

Lentiviral systems package two copies of an RNA genome that is ~10 kilobases, enabling 

one to use this platform to co-deliver most commonly used CRISPR/Cas proteins such as 

Streptococcus pyogenes Cas9 and an sgRNA expression cassette with a single viral infection 

event. An additional advantage to lentiviral systems is their low intrinsic immunogenicity, 

although the adaptive immune response to any genome therapy will also depend on which 

genes are being delivered by the lentivirus. To date more than 300 gene therapy trials using 

lentiviral vectors have been carried out resulting in a large amount of clinical expertise for 

the design, production and safety concerns of a lentiviral medicine.

Adeno-associated virus (AAV) is a small ssDNA virus that is non-pathogenic and weakly 

immunogenic. The virus is thought to generally persist in infected cells in an 

extrachromosomal state although it can be integrated. If viral integration occurs there is 

preferentially integration at the human AAVS1 locus. Because AAV either does not integrate 

or integrates preferentially at a neutral site in the human genome AAV genome therapy 

platforms are thought to have a major safety advantage over lentiviral genome therapy 

platforms. It has been demonstrated that because the AAV genome is ssDNA one can use the 

AAV genome as a homology repair donor for knock-in mutations38. This ability to encode 

both CRISPR-Cas9 and a homology donor in a single system is a key feature of AAV for 

many applications. Another major advantage to AAV over lentivirus is that multiple 

serotypes of AAV exist with different intrinsic or engineered tropism for various tissues such 

as lung epithelial cells, skeletal muscle cell, neurons or heart, which will significantly help 

with tissue-specific delivery. New engineered AAV systems are an extremely promising 

platform for encoding tissue specificity for genome therapies39–42.

One major disadvantage to AAV is that this virus has a small genome and AAV delivery 

platform genomes must be 4.8 kilobases or smaller. Unfortunately, commonly used 

CRISPR/Cas gene editors such as the S. pyogenes Cas9 gene are 4.1kb; as such one must 

encode Cas9 and an sgRNA on separate AAV vectors and rely on viral co-infection for 

genome therapy, which can greatly reduce therapeutic editing potential. This incompatibility 

between AAV systems and early CRISPR/Cas9 systems has spurred the search for and use 

of small CRISPR/Cas9 effector proteins enabling one to encode both a CRISPR/Cas9 

protein and an sgRNA in one AAV genome therapy vector. Currently, most advanced system 

that uses AAV to deliver a genome therapeutic for in vivo genome editing is the 

Staphylococcus aureus Cas9 system43. The S. aureus Cas9 gene is 3159 nucleotides 

enabling construction of an AAV encoding both the S. aureus Cas9 and an sgRNA. New 

even smaller CRISPR proteins such as CasX, which is 2940 nucleotides, may further 

facilitate use of AAV as a genome therapy platform44. Another study partitioned the two 

halves of the large S. pyogenes Cas9 gene into parallel AAV particles, effectively 

sidestepping the size limit45.

More than 110 gene therapy trials have been performed using AAV which should translate 

into rapid adoption of this platform for genome therapy trials. Currently patients must be 
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pre-screened for immunity to AAV serotypes to increase delivery and safety in a clinical 

trial. Additionally, in most applications patients generate immunity after a single round of 

AAV therapy which presents a problem for some applications. This may not be such a 

concern for genome therapies that require only one period of activity to induce durable or 

permanent effects. It is also possible that engineered artificial AAV serotypes can be created 

to avoid natural immunity and enable repeat application of an AAV medicine.

Engineering nanoparticles for in vivo genome therapy

In theory, we should be able to engineer an artificial strategy to deliver any protein or nucleic 

acid to any cell in the human body. One route towards this goal is to use engineered small 

particles with tunable size, surface properties and cargo content that are non-immunogenic 

and highly efficient at delivering a cargo into cells in vivo. Such a delivery platform broadly 

has been described as a nanoparticle or protocell. Many different types of nanoparticles have 

been created and these platforms are excellently reviewed so we will focus on application of 

nanoparticles as delivery mechanisms for genome therapy. Genome therapies have benefited 

from more than a decade of intense research in this field enabling the rapid creation and 

preclinical application of the first nanoparticle CRISPR genome therapeutics46,47. These 

studies demonstrated nanoparticle-mediated gene disruption with efficiency up to 30% in 

tissue culture and 13% in vivo.

In preclinical models, a nanoparticle delivery platform has been used to deliver CRISPR 

genome therapeutics to the liver15. In principle, all tissues in the body are accessible for 

nanoparticle delivery but in practice it can be difficult to deliver high levels of nanoparticle 

encapsulated cargo to many tissues and most nanoparticle delivery platforms directed to 

other tissues also co-target the liver. Nanoparticle systems can deliver Cas9 in vivo as an 

mRNA or possibly as a ribonucleoprotein while the sgRNA has either been delivered as a 

synthetic RNA co-packaged together with Cas9 or encoded on an AAV vector delivered in 
trans. The first descriptions of nanoparticle delivery of CRISPR/Cas9 for genome therapy 

utilized a platform previously optimized for either RNA interference or mRNA delivery and 

so it may be possible to use custom nanoparticle delivery platforms to deliver RNPs in vivo 
or to co-deliver a DNA donor together with mRNA, sgRNA or RNPs. In preclinical data 

nanoparticle delivery platforms have enabled gene editing in the liver of mice without 

obvious or substantial liver toxicity suggesting this may be a relatively safe delivery 

platform but additional data will be needed in larger mammals. There are relatively few 

published papers reporting the use of nanoparticles for CRISPR mediated genome therapy 

but given that pioneering companies have publicly disclosed interest in such platforms we 

expect that this field will be explored as a delivery option for human genome therapy in the 

coming years. Despite the enormous promise of engineered nanoparticles expectations 

should be tempered by more than two decades of nanoparticle research48–50.

Engineered protein and RNA delivery platforms for in vivo genome therapy

In principle, a reductionist and elegant approach for in vivo application of genome 

therapeutics could be an engineered CRISPR/Cas9 RNP or RNA system capable of directly 

delivering gene editing activity to any cell in the body without need for a viral or 
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nanoparticle delivery platform. The allure of such a straightforward approach has been 

reviewed for RNA based gene therapies but the emergence of CRISPR genome therapeutics 

has expanded interest in this type of medicine51.

Two main challenges exist to apply RNP or RNA CRISPR genome therapeutics to a disease. 

First, one must stabilize the delivered reagent to achieve a sufficient in vivo dosage to result 

in cytosolic delivery to target cells. One route to circumventing this challenge is to apply 

CRISPR genome therapies locally rather than systemically52,53. Another way to reduce the 

required dose is by targeting delivery to a specific cell, tissue, or organ using an attached 

targeting agent such as a ligand, antibody, or aptamer. Such an approach may provide an 

advantage over delivery using AAV or LNP, as those platforms have some inherent cellular 

or physiological tropism but it is inherent to each platform and thus less versatile. The 

second challenge is to deliver the editing reagent across the cell membrane and ultimately 

into the nucleus. This is a major hurdle in macromolecular delivery, estimated to block 

99.99% of cargo in the case of siRNAs54. Cas9 protein or RNPs can be engineered to 

increase translocation across the cell membrane by modification of the electrostatic charge 

of the protein55. CRISPR/Cas9 RNP components can also be co-delivered with small 

peptides that increase translocation across the membrane56. These studies have shown 

editing of ~15% in tissue culture, while in vivo editing was observed but not quantified. As 

with nanoparticles, with additional engineering an RNP-based delivery platform may be 

amenable to co-delivery of DNA donor for homologous recombination.

One promising strategy combined the benefits of RNP use with those of nanoparticle 

delivery, complexing an intact Cas9 RNP with cationic lipids that promoted cell 

penetration57. This approach produces a short-lived complex, which is expected to reduce 

the number of deleterious, spurious “off-target” edits58. This RNP-based platform cut 

genomic DNA with 40% editing efficiency in tissue culture and 20% efficiency in vivo. 

Although these results are somewhat encouraging, the cationic lipid delivery platforms such 

as those used in this study are known to be toxic, limiting their therapeutic potential59. 

Another recent study has reported the use of gold nanoparticles to co-localize Cas9 RNP, 

donor DNA and endosome-disrupting peptides to perform genetic correction in DMD model 

mice60. This strategy produced 3% correction of the disease-causing mutation and improved 

muscle function in the treated mice, though the approach may require improvement since 

delivery was limited to the local area of injection.

The presence of S. pyogenes Cas9 protein in the serum may pose an immunogenic 

challenge, since most humans have been exposed to the bacterium. If that is the case, 

identifying epitopes of S. pyogenes Cas9 might serve to create a stealthy RNP that isn’t 

recognized by the human immune system. The prospect of direct delivery of genome editing 

enzymes holds incredible promise but further efforts are needed to establish our ability to 

safely and effectively deliver such reagents in pre-clinical models and in humans.

Ex vivo delivery and autologous transplantation

Ex vivo editing refers to genetic modification of a patient’s cells outside their body, and 

corrected cells can subsequently be returned to the patient to complete a process known as 
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autologous transplantation. This process avoids some of the technical barriers associated 

with in vivo delivery of genome editing enzymes and thus there will likely be an initial 

enrichment of ex vivo clinical trials as CRISPR-based therapies are being developed. For ex 
vivo therapy, CRISPR-Cas9 can be delivered to the patient’s cultured cells in the form of an 

RNP via electroporation, which has been demonstrated for human hematopoietic stem/

progenitor cells19 and T cells61,62 in experiments that demonstrate the foundation for sickle-

cell anemia therapy and anti-cancer immunotherapies. Ex vivo delivery via virus has been 

demonstrated in cultured mouse muscle stem cells63, and nanoparticle-based delivery would 

also be anticipated to work for some cell types. Although these avenues are extremely 

promising, new technologies for ex vivo delivery would be beneficial since electroporation 

can be harsh, impacting cell viability.

Conclusion

Current genomic therapy trials herald a new era in medicine. In the short term, cellular 

medicines that can be easily modified ex vivo by CRISPR genome therapeutics and then 

transplanted back into the body will robustly and rapidly enter the clinic. Examples of such 

modified cellular therapeutics include hematopoietic stem cell therapies, immune cell 

therapies and regenerative medicines derived from induced pluripotent stem cells. Genome 

therapeutics applied systemically or locally to intact tissues will inevitably produce 

enormous clinical benefit but delivery of such genome therapeutics is challenging. It is 

possible that none of the three delivery platforms described above can surmount the many 

challenges to in vivo genome editing and some more elaborate form of protein engineering 

will be needed to create a delivery platform capable of efficiently and specifically delivering 

a gene editing reagent to any desired tissue in the body64. One can imagine construction of 

an engineered artificial virus that would have all of the desirable properties of a virus 

without limits to the delivery cargo or safety concerns. Our ability to construct or manipulate 

complex biological systems is rapidly advancing for biological discovery and bioengineering 

but application to medicine has lagged behind. With heightened interest garnered by the 

potential of CRISPR-based genome therapeutics, this may not be true for much longer.
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Figure 1. 
Three strategies for in vivo genome-editing enzyme delivery and their key properties.
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