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Abstract
Genome editing moved into the clinic faster than almost anyone expected, and the limiting step has turned out to be delivery rather than editing chemistry. A nuclease or a base editor must reach the nucleus of a particular cell type, act for long enough to make the intended change, and then disappear, because prolonged exposure buys no additional benefit and adds off-target risk. Two platforms carry most of the current clinical burden. Lipid nanoparticles deliver messenger RNA to hepatocytes after intravenous infusion, give a short pulse of editor expression, and can be given again. Adeno-associated virus vectors give durable expression and access to tissues that nanoparticles reach poorly, but their cargo capacity is small, expression persists longer than an editor needs, and pre-existing immunity excludes many recipients. This article reviews both platforms, sets them against the ex vivo route used for haematopoietic and T cell therapies, and examines the carriers now being developed: virus-like particles that package editor protein, lipid formulations engineered for tissues other than liver, and non-viral approaches to the bone marrow. The conclusion is that no single vehicle will serve, and that the field is better understood as matching a carrier to a cargo and a tissue.
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1. Introduction

The programmable nucleases arrived with an implicit promise: if a disease is caused by a known mutation, the mutation can be corrected. The chemistry has largely delivered on that promise. Cas9 and its relatives cut where they are directed (Jinek et al., 2012), base editors install transitions without a double-strand break (Komor et al., 2016), and prime editors write short defined sequences (Anzalone et al., 2019). What stands between those molecules and a treatment is the problem of getting them into the right cells in a living person.

The problem is harder than it is for a conventional drug for two reasons. The cargo is large: a Cas9 messenger RNA is several kilobases, a base editor larger still, and a ribonucleoprotein complex is a protein of some 150 kilodaltons bound to a guide RNA. And the exposure wanted is unusual. Most medicines are designed for sustained presence. An editor should act once and then be cleared, since the edit persists while the editor adds only risk (Doudna, 2020).

Those two facts explain why delivery, rather than nuclease design, now sets the pace. This article reviews the vehicles in clinical use and in development, considers what each is suited to, and looks at the carriers that may extend editing beyond the tissues currently reachable.

2. Scope and Approach

This is a narrative review. It draws on the primary reports of clinical editing studies, on the foundational pharmacology of lipid nanoparticles and adeno-associated virus vectors, and on reviews that summarise each platform. No systematic search was performed and no screening counts are reported. Delivery to plants and to microbial systems is outside the scope, as is the large literature on electroporation of cultured cells, which is mentioned only where it supports a point about ex vivo therapy.

3. What the Cargo Demands

An editor can be supplied in three forms, and the choice shapes everything downstream. Plasmid DNA is cheap and stable but must cross the nuclear envelope, risks integration, and gives expression that persists for days. Messenger RNA needs only to reach the cytoplasm, is translated within hours and is degraded within a day or two, which matches the exposure an editor should have; the chemistry of modified nucleosides and capping that made mRNA therapeutics practical is now mature (Pardi et al., 2018). A preassembled ribonucleoprotein acts immediately and disappears fastest of all, and lipid-mediated delivery of editor protein was demonstrated early in the development of the field (Zuris et al., 2015). Table 1 sets out the three formats against the vehicles that can carry them.

Table 1: Editor cargo formats, the vehicles that carry them and the exposure profile each gives	Cargo format	Usual vehicle	Duration of editor exposure	Main limitation
	Plasmid DNA	Viral vector or electroporation	Days to indefinite	Risk of integration and prolonged activity
	Messenger RNA	Lipid nanoparticle	Hours to about two days	Reaches liver readily, other tissues poorly
	Ribonucleoprotein	Electroporation, lipids, virus-like particles	Hours	Manufacture and stability of the protein
	Viral genome	Adeno-associated virus	Months to years	Packaging limit and pre-existing immunity (Mingozzi and High, 2013)
	Lentiviral genome	Integrating lentivirus	Permanent in the transduced cell	Integration, chiefly used ex vivo (Naldini, 2015)


A fourth consideration cuts across the three. Editing performed outside the body avoids the delivery problem almost entirely: cells are collected, electroporated with a ribonucleoprotein at an efficiency unattainable in vivo, checked, and returned. The constraint becomes the cell type, since only tissues that can be harvested and re-engrafted qualify.

4. Lipid Nanoparticles

A lipid nanoparticle is not a liposome. It is a dense particle of ionisable cationic lipid, phospholipid, cholesterol and a polyethylene glycol lipid, assembled by rapid mixing of an ethanolic lipid phase with an acidic aqueous phase containing the nucleic acid. The ionisable lipid is the active ingredient of the formulation: positively charged at low pH so that it binds the cargo during assembly, near neutral in blood so that the particle is not acutely toxic, and protonated again in the acidifying endosome, where it destabilises the membrane and releases the cargo. The systematic design of such lipids was the advance that made nucleic acid delivery practical (Semple et al., 2010).

Particles of this kind accumulate in the liver, because apolipoprotein E adsorbs to them in circulation and directs them to hepatocytes through the low-density lipoprotein receptor. That tropism was exploited first for small interfering RNA, in the treatment of hereditary transthyretin amyloidosis (Adams et al., 2018), and the regulatory and manufacturing path established there (Akinc et al., 2019) was what allowed an editing programme to follow quickly.

The clearest demonstration is the in vivo knockout of the transthyretin gene in the liver using Cas9 messenger RNA and a guide RNA in a lipid nanoparticle, reported with durable reduction of the circulating protein (Gillmore et al., 2021). Work in non-human primates had shown shortly before that a base editor delivered the same way could disable PCSK9 and lower low-density lipoprotein cholesterol durably from a single infusion (Musunuru et al., 2021; Rothgangl et al., 2021). The attraction of the platform is that it is a chemical product rather than a biological one, that the exposure is brief, and that a second dose is possible because the particle provokes no neutralising response of the kind a viral capsid does.

Its weakness is the same as its strength. Reaching tissues other than liver means overcoming the protein corona that sends the particle there. Adding a fifth, charged lipid shifts the biodistribution of the particle towards lung or spleen in a predictable way, an approach described as selective organ targeting (Cheng et al., 2020), and antibody conjugation offers a second route. Neither has yet carried an editor through a clinical programme.

5. Viral Vectors

Adeno-associated virus is a small, non-enveloped, non-pathogenic parvovirus whose recombinant form persists mainly as an episome in non-dividing cells. Its serotypes and engineered capsids give access to liver, muscle, retina and central nervous system, and it has become the standard vehicle for in vivo gene transfer (Wang et al., 2019). Approved products exist, including a systemic treatment for spinal muscular atrophy (Mendell et al., 2017), and a subretinal editing therapy for an inherited retinal dystrophy brought the vector together with a nuclease (Maeder et al., 2019).

Three features make it an awkward partner for editing. The packaging limit is about five kilobases, which Cas9 with its promoter and guide barely fits and which a base or prime editor exceeds, forcing split constructs delivered on two vectors. Expression continues for months or years, so the nuclease keeps working long after the edit is made, and self-limiting designs are an active area of work. And immunity is widespread: many adults carry neutralising antibodies to common serotypes and are excluded from treatment, while cellular responses to the capsid can destroy transduced cells (Mingozzi and High, 2013). Integrating lentiviral vectors avoid the size limit but integrate, which is acceptable in an ex vivo product subject to release testing and much less so in vivo (Naldini, 2015).

Capsid engineering is the main route around the first and third of these. Directed evolution and rational design of the capsid surface have produced variants with altered tropism and reduced recognition by circulating antibodies, and the retinal editing programme shows what a well matched serotype and a contained compartment can achieve together (Maeder et al., 2019). An enclosed site such as the eye also limits systemic exposure, which is why ocular indications reached the clinic before systemic ones. For a tissue that must be reached through the bloodstream, dose requirements rise steeply and with them the manufacturing burden and the likelihood of an immune response, so the advantages of the vector are least available precisely where delivery is hardest.

6. The Ex Vivo Route

Where the target cell can be removed, the delivery problem becomes a manufacturing one. Autologous haematopoietic stem cells edited at the BCL11A erythroid enhancer to raise fetal haemoglobin have been used in sickle cell disease and beta thalassaemia, with the editing performed by electroporation of a ribonucleoprotein before reinfusion (Frangoul et al., 2021). T cells follow the same logic, and early studies of multiplex-edited T cells established that the approach is feasible and that edited cells persist (Stadtmauer et al., 2020; Lu et al., 2020). The cost of this route is conditioning, apheresis and bespoke manufacture for each recipient, which is why in vivo editing of haematopoietic cells is a major goal.

7. What Comes Next

Three directions are worth watching, and Figure 1 places them beside the established platforms. The first is the virus-like particle, a capsid assembled without a viral genome that carries editor protein and guide RNA as a packaged ribonucleoprotein. Engineered versions of such particles deliver base editors to several tissues in animals and combine the tropism of a virus with the brief exposure of a protein cargo (Banskota et al., 2022).
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The second is the redirection of lipid nanoparticles away from the liver, whether by altering the lipid composition (Cheng et al., 2020) or by displaying a targeting ligand. Delivery to haematopoietic stem cells in the marrow would remove the need for conditioning and transplantation in the haemoglobinopathies, and delivery to lung epithelium would open cystic fibrosis to in vivo correction.

The third is the reduction of the cargo itself. Compact nucleases from smaller bacterial systems, and editors built on them, ease both the packaging limit of adeno-associated virus and the manufacturing burden of messenger RNA. Making the editor smaller is a less glamorous route than making the vehicle cleverer, and it may prove the more productive one.

8. Obstacles That Remain

Immunogenicity applies to all platforms. Cas9 is a bacterial protein and many people have been exposed to the organisms it comes from, so pre-existing cellular immunity is plausible wherever the protein persists. Repeat dosing of lipid nanoparticles raises the separate question of responses to the polyethylene glycol component. Manufacture is a second obstacle: viral vector production at clinical scale remains a bottleneck, while lipid nanoparticle manufacture is comparatively straightforward, a difference that will shape which platform scales.

Cost and access deserve mention. Approved gene therapies are among the most expensive medicines ever priced, and an autologous ex vivo product carries a cost structure that will not fall far with volume. A manufactured, off-the-shelf in vivo editor is the only version of this technology with a plausible route to the populations where the diseases it addresses are most common, and that argument, as much as any scientific one, favours continued work on non-viral delivery.

9. Conclusion

There is no general-purpose vehicle for a genome editor and there is unlikely to be one. Lipid nanoparticles suit a liver target, a transient cargo and the possibility of redosing. Adeno-associated virus suits tissues that nanoparticles cannot reach and accepts the penalties of limited capacity and persistent expression. Ex vivo editing sidesteps delivery altogether at the price of manufacture. The useful question is not which platform will win but which combination of cargo, carrier and tissue solves a given clinical problem, and the carriers now in development, particularly protein-carrying particles and retargeted lipid formulations, are best read as attempts to widen the set of problems for which an answer exists.

Conflict of interest

To be declared by the author(s) before publication.

Funding

To be declared by the author(s) before publication.

References

	Adams, D., Gonzalez-Duarte, A., ORiordan, W.D., Yang, C.-C., Ueda, M., Kristen, A.V., Tournev, I., Schmidt, H.H., Coelho, T., Berk, J.L. and Suhr, O.B. (2018). Patisiran, an RNAi therapeutic, for hereditary transthyretin amyloidosis. New England Journal of Medicine, 379, 11-21.  https://doi.org/10.1056/NEJMoa1716153

	Akinc, A., Maier, M.A., Manoharan, M., Fitzgerald, K., Jayaraman, M., Barros, S., Ansell, S., Du, X., Hope, M.J., Madden, T.D., Mui, B.L., Semple, S.C., Tam, Y.K., Ciufolini, M., Witzigmann, D., Kulkarni, J.A., van der Meel, R. and Cullis, P.R. (2019). The Onpattro story and the clinical translation of nanomedicines containing nucleic acid-based drugs. Nature Nanotechnology, 14, 1084-1087. 

	Anzalone, A.V., Randolph, P.B., Davis, J.R., Sousa, A.A., Koblan, L.W., Levy, J.M., Chen, P.J., Wilson, C., Newby, G.A., Raguram, A. and Liu, D.R. (2019). Search-and-replace genome editing without double-strand breaks or donor DNA. Nature, 576, 149-157.  https://doi.org/10.1038/s41586-019-1711-9

	Banskota, S., Raguram, A., Suh, S., Du, S.W., Davis, J.R., Choi, E.H., Wang, X., Nielsen, S.C., Newby, G.A., Randolph, P.B., Osborn, M.J., Musunuru, K., Palczewski, K. and Liu, D.R. (2022). Engineered virus-like particles for efficient in vivo delivery of therapeutic proteins. Cell, 185, 250-265. 

	Cheng, Q., Wei, T., Farbiak, L., Johnson, L.T., Dilliard, S.A. and Siegwart, D.J. (2020). Selective organ targeting (SORT) nanoparticles for tissue-specific mRNA delivery and CRISPR-Cas gene editing. Nature Nanotechnology, 15, 313-320. 

	Doudna, J.A. (2020). The promise and challenge of therapeutic genome editing. Nature, 578, 229-236. 

	Frangoul, H., Altshuler, D., Cappellini, M.D., Chen, Y.-S., Domm, J., Eustace, B.K., Foell, J., de la Fuente, J., Grupp, S., Handgretinger, R., Ho, T.W., Kattamis, A., Kernytsky, A., Lekstrom-Himes, J., Li, A.M., Locatelli, F., Mapara, M.Y., et al. (2021). CRISPR-Cas9 gene editing for sickle cell disease and beta-thalassemia. New England Journal of Medicine, 384, 252-260.  https://doi.org/10.1056/NEJMoa2031054

	Gillmore, J.D., Gane, E., Taubel, J., Kao, J., Fontana, M., Maitland, M.L., Seitzer, J., OConnell, D., Walsh, K.R., Wood, K., Phillips, J., Xu, Y., Amaral, A., Boyd, A.P., Cehelsky, J.E., McKee, M.D., Schiermeier, A., Harari, O., Murphy, A., et al. (2021). CRISPR-Cas9 in vivo gene editing for transthyretin amyloidosis. New England Journal of Medicine, 385, 493-502.  https://doi.org/10.1056/NEJMoa2107454

	Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J.A. and Charpentier, E. (2012). A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science, 337, 816-821.  https://doi.org/10.1126/science.1225829

	Komor, A.C., Kim, Y.B., Packer, M.S., Zuris, J.A. and Liu, D.R. (2016). Programmable editing of a target base in genomic DNA without double-stranded DNA cleavage. Nature, 533, 420-424.  https://doi.org/10.1038/nature17946

	Lu, Y., Xue, J., Deng, T., Zhou, X., Yu, K., Deng, L., Huang, M., Yi, X., Liang, M., Wang, Y., Shen, H., Tong, R., Wang, W., Li, L., Song, J., Li, J., Su, X., Ding, Z., Gong, Y., Zhu, J., Wang, Y., Zou, B., Zhang, Y., Li, Y., Zhou, L., Liu, Y., Yu, et al. (2020). Safety and feasibility of CRISPR-edited T cells in patients with refractory non-small-cell lung cancer. Nature Medicine, 26, 732-740. 

	Maeder, M.L., Stefanidakis, M., Wilson, C.J., Baral, R., Barrera, L.A., Bounoutas, G.S., Bumcrot, D., Chao, H., Ciulla, D.M., DaSilva, J.A., Dass, A., Dhanapal, V., Fennell, T.J., Friedland, A.E., Giannoukos, G., Gloskowski, S.W., Glucksmann, A., et al. (2019). Development of a gene-editing approach to restore vision loss in Leber congenital amaurosis type 10. Nature Medicine, 25, 229-233. 

	Mendell, J.R., Al-Zaidy, S., Shell, R., Arnold, W.D., Rodino-Klapac, L.R., Prior, T.W., Lowes, L., Alfano, L., Berry, K., Church, K., Kissel, J.T., Nagendran, S., LHeureux, J., Brown, B.D., Coley, B.D., Likhite, S., Miranda, C., Meyer, K., Foust, et al. (2017). Single-dose gene-replacement therapy for spinal muscular atrophy. New England Journal of Medicine, 377, 1713-1722. 

	Mingozzi, F. and High, K.A. (2013). Immune responses to AAV vectors: overcoming barriers to successful gene therapy. Blood, 122, 23-36. 

	Musunuru, K., Chadwick, A.C., Mizoguchi, T., Garcia, S.P., DeNizio, J.E., Reiss, C.W., Wang, K., Iyer, S., Dutta, C., Clendaniel, V., Amaonye, M., Beach, A., Berth, K., Biswas, S., Braun, M.C., Chen, H.-M., Colace, T.V., Ganey, J.D., Gangopadhyay, et al. (2021). In vivo CRISPR base editing of PCSK9 durably lowers cholesterol in primates. Nature, 593, 429-434. 

	Naldini, L. (2015). Gene therapy returns to centre stage. Nature, 526, 351-360. 

	Pardi, N., Hogan, M.J., Porter, F.W. and Weissman, D. (2018). mRNA vaccines: a new era in vaccinology. Nature Reviews Drug Discovery, 17, 261-279. 

	Rothgangl, T., Dennis, M.K., Lin, P.J.C., Oka, R., Witzigmann, D., Villiger, L., Qi, W., Hruzova, M., Kissling, L., Lenggenhager, D., Borrelli, C., Egli, S., Frey, N., Bakker, N., Walker, J.A., Kadina, A.P., Victorov, D.V., Pacesa, M., Kreutzer, et al. (2021). In vivo adenine base editing of PCSK9 in macaques reduces LDL cholesterol. Nature Biotechnology, 39, 949-957. 

	Semple, S.C., Akinc, A., Chen, J., Sandhu, A.P., Mui, B.L., Cho, C.K., Sah, D.W.Y., Stebbing, D., Crosley, E.J., Yaworski, E., Hafez, I.M., Dorkin, J.R., Qin, J., Lam, K., Rajeev, K.G., Wong, K.F., Jeffs, L.B., Nechev, L., Eisenhardt, M.L., et al. (2010). Rational design of cationic lipids for siRNA delivery. Nature Biotechnology, 28, 172-176. 

	Stadtmauer, E.A., Fraietta, J.A., Davis, M.M., Cohen, A.D., Weber, K.L., Lancaster, E., Mangan, P.A., Kulikovskaya, I., Gupta, M., Chen, F., Tian, L., Gonzalez, V.E., Xu, J., Jung, I.-Y., Melenhorst, J.J., Plesa, G., Shea, J., Matlawski, T., et al. (2020). CRISPR-engineered T cells in patients with refractory cancer. Science, 367, eaba7365. 

	Wang, D., Tai, P.W.L. and Gao, G. (2019). Adeno-associated virus vector as a platform for gene therapy delivery. Nature Reviews Drug Discovery, 18, 358-378. 

	Zuris, J.A., Thompson, D.B., Shu, Y., Guilinger, J.P., Bessen, J.L., Hu, J.H., Maeder, M.L., Joung, J.K., Chen, Z.-Y. and Liu, D.R. (2015). Cationic lipid-mediated delivery of proteins enables efficient protein-based genome editing in vitro and in vivo. Nature Biotechnology, 33, 73-80. 



OEBPS/nav.xhtml
Contents

		Abstract

		1. Introduction

		2. Scope and Approach

		3. What the Cargo Demands

		4. Lipid Nanoparticles

		5. Viral Vectors

		6. The Ex Vivo Route

		7. What Comes Next

		8. Obstacles That Remain

		9. Conclusion

		Conflict of interest

		Funding

		References





OEBPS/fig1.png
Transient mRNA cargo Long expression from AAV Virus-like particles

Redosing possible Established tissue tropisms Protein and RNP cargo

Strong liver tropism Engineered tropism
Ionisable lipid chemistry Limited packaging size Early-stage evidence

Choice follows the cargo, the target tissue and the need for transient exposure






