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Zusammenfassung 
Die Entdeckung von CRISPR/Cas9 hat das Gebiet der Gentechnik und Genom-Editierung 
revolutioniert und zu einer bis heute andauernden Welle an Innovationen in therapeutischen 
Anwendungen und solchen der synthetischen Biologie geführt. Dies betrifft sowohl die 
Erfindung neuer Techniken für Bildgebung, Mutagenese-Screens und Aufzeichnung zellulärer 
Aktivitäten, als auch die Entwicklung neuartiger und Verbesserung existierender Werkzeuge 
für Genom-Editierung. Dies zeigt sich insbesondere an der Evolution von CRISPR Nukleasen 
zu ‘base editors’ und ‘prime editors’, welche wiederum viele weitere Verbesserungen erfahren 
haben um ihre Präzision und Effektivität auch für kompliziertere Genomveränderungen weiter 
zu steigern. Die Arbeit innerhalb dieser Dissertation hat zu diesem Prozess durch die 
Entwicklung eines mit einer Exonuklease ausgestatteten ‘prime editors’ beigetragen, mit 
welchem die Effektivität und Präzision größerer Insertionen wie Rekombinations-Sequenzen 
oder Affinitäts-und Fluoreszenz-Komplementationspeptide weiter gesteigert werden konnte, 
zur Anwendung in der synthetischen Biologie und biologischen Grundlagenforschung. 
 
Während CRISPR in der Beschleunigung und Ermöglichung wissenschaftlicher Entdeckungen 
verschiedenster Techniken zur Genmanipulation überaus erfolgreich war, wurde die 
therapeutische Anwendung in der Behandlung und Heilung genetischer Erkrankungen durch 
verschiedenste Hindernisse verzögert oder sogar gänzlich verhindert. Dies liegt einerseits 
begründet in der Schwierigkeit das Zielgewebe in hinreichendem Ausmaß zu erreichen, und 
andererseits in der Präzision, also Begrenzung jeglicher genetischer Modifikationen auf die 
einzig beabsichtigte im ausgewählten Gen-Lokus und Zielgewebe. Dies kann durch lokale 
Applikation, der Auswahl des Editierungs-Strategie und dem gezielten Engineering beteiligter 
Proteine bereits teilweise adressiert werden, doch ein Großteil dieser Herausforderung hängt 
auch mit der Auswahl des Transportvektors zusammen. Dieser bestimmt über die Gewebe-
Spezifität und Aufnahme-Effektivität des Gen-Editors, und dadurch letztlich über seine 
effektive Konzentration in der Zielzelle. 
 
Virale Vektoren wurden als erste für diesen Zweck verwendet, da sie von Natur aus zum 
gerichteten Transfer genetischen Materials hervorragend geeignet sind. Zunächst wurden die 
Geneditoren dabei auf DNA-Genomen von Adeno-assoziierten Viren (AAV) oder RNA-
Genomen von Lentiviren (LV) kodiert, welche anschließend in das Genom der Zielzelle 
integrieren. Um allerdings den Anforderungen an die Präzision im therapeutischen Kontext 
gerecht zu werden, wurden Systeme entwickelt welche die lediglich kurzfristige Expression 
von Geneditoren in der Zielzelle ermöglichen. Tatsächlich ist ein Umschwenken hin zu nicht-
viralen Vektoren wie  Lipid-Nanopartikeln (LNP) und virusartigen Partikeln (VLP) zu 
beobachten, welche die vorübergehende Einbringung von Geneditoren in Form von mRNA-
Transkripten oder bereits assemblierten Ribonukleoproteinen (RNP) erlauben. Obwohl sich 
die Herstellungsprozesse von LNP und VLP fundamental unterscheiden, ist die aktuelle 
Forschung in beiden Bereichen auf ähnliche Engpässe gerichtet, von der Kompatibilität zu 
verschiedenen Arten von genetischer „Fracht“ über ihre effiziente Verpackung bis hin zu 
zielgerichtetem Transport. VLPs haben dabei eine hohe Effizienz im Transport von RNP-
Material gezeigt, welches in den meisten VLP-Systemen durch die Fusion des Geneditor-
Proteins an Virus-Kapsid-Proteine erreicht wurde. Dieser Ansatz ist allerdings in seiner 
Modularität bezüglich der Verpackung verschiedener Geneditor-Proteine eingeschränkt, und 
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es lässt die komplexe Kinetik unberücksichtigt mit welcher RNP-Komplexe gebildet und 
degradiert werden. 
Um derartige Limitierungen zu überwinden, wurde in dieser Arbeit eine VLP-Technologie 
entwickelt welche mittels Aptameren prä-assemblierte RNP-Komplexe aktiv aus dem Nukleus 
rekrutiert, wodurch sich die RNP-Stabilität erhöht und außerdem eine hohe Modularität 
ermöglicht wird. Während die Spezifität von LNPs durch ihre Lipid-Komposition moduliert 
werden kann, erben VLPs die Fähigkeit zur Transduktion bestimmter Zelltypen von den 
Glykoproteinen ihrer viralen Vorgänger, welche an spezifische Rezeptoren auf der 
Zellmembran-Oberfläche der Zielzelle andocken. VLP-basierte Technologien profitieren daher 
nicht nur von Jahrzenten der Forschung auf dem Gebiet lentiviraler Transduktionssysteme, 
sondern haben auch das wissenschaftliche Interesse an Glykoprotein-Engineering neu 
entfacht um weitere Gewebetypen zu erschließen und mit höherer Spezifität zu erreichen. 
 
Das Forschungsfeld der Gen-und Zelltherapie als Ganzes über das letzte Jahrzehnt betrachtet, 
zeigt sich eine Verschiebung: Bald nach der Erfindung verschiedenster Geneditierungs-
Werkzeuge mit therapeutischem Potenzial wurden auch Transport-Vehikel der nächsten 
Generation entwickelt, und der Zelltyp-spezifische Transport in komplexe Gewebe als das 
aktuell größte Hindernis scheint nun zur Entwicklung neuartiger Glykoprotein-Systeme zu 
führen. Um VLP-Technologien für den Geneditor-Transport nun auch erfolgreich in die Klinik 
zu bringen und ihre konzeptuellen Vorteile gegenüber anderen Transportmethoden 
auszuspielen, ist weitere Forschung im Bereich der GMP-konformen Produktion sowie 
Formulierung und Verträglichkeit unerlässlich.  
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Abstract 
The discovery of CRISPR/Cas9 has revolutionized the field of gene editing and genome 
engineering, leading to a sudden burst of innovation in therapeutic and synthetic biology 
applications which continues still today. This concerns both the conception of innovative 
techniques for imaging, mutational screens and molecular recording, as well as the 
development of novel editing tools and optimization of existing ones, also highlighted by the 
progression from CRISPR nucleases to base editors and prime editors. Base and prime editing 
in particular have received many further tailored enhancements to increase editing fidelity or 
increase the efficacy of specific, more complex edits. We have contributed to this progress 
through the development of a exonuclease-enhanced prime editor, which improves the efficacy 
and precision of larger insertions such as recombination sites, affinity tags or fluorescence 
complementation peptides, promoting basic research and synthetic biology applications. 
 
While the promise of CRISPR to supercharge scientific discovery and enable the development 
of novel genetic engineering technologies is being delivered on continuously, its therapeutic 
aspect of treating and curing genetically inherited diseases has faced various additional 
challenges and roadblocks, slowing down or even preventing its clinical implementation. Of 
particular concern are on one side reaching the target tissue with sufficient efficacy to facilitate 
the desired edit, and on the other side editing precision, i.e. limiting editing activity only to the 
intended edit, at the intended locus, and in the intended tissue. Editing precision can be 
partially addressed by local administration, the choice of gene editing strategy, and further 
engineering of the gene editor itself; but a large part of this challenge is also related to the 
mode of delivery, i.e. how the gene editor is packaged. The delivery vector also determines 
tissue specificity and delivery efficacy, and consequently the effective gene editor abundance 
in the target cell.  
With their proficiency for targeted transfer of genetic material, viral systems were the first to be 
utilized as delivery agents, with gene editors initially just encoded on DNA genomes such as 
with adeno-associated viruses (AAVs) or on RNA genomes with subsequent stable integration 
into the host cell genome via lentiviruses (LVs). But owing to the requirement of high precision 
and low off-target editing in a therapeutic context, systems were conceived that allowed for 
controlled and short-term gene editor expression. In this regard, a shift has occurred towards 
non-viral delivery agents, such as lipid nanoparticles (LNPs) and virus-like particles (VLPs) 
among others, that enable the transient delivery of gene editor components as mRNA 
transcripts or even pre-assembled ribonucleoproteins (RNPs). While the assembly and 
production process of LNPs and VLPs is fundamentally different, current research in each field 
is focused on similar bottlenecks, such as the applicability of different cargo types, the 
efficiency of cargo packaging, and tissue tropism and specificity. VLPs have shown high 
proficiency for RNP delivery, which has mainly been achieved through fusion of gene editors 
to their respective capsid proteins. However, this approach is limited in its modularity to 
package different types of editors, and it generally does not account for the complex assembly 
and degradation kinetics of gene editor RNPs. 
To overcome these bottlenecks, we have developed a VLP technology that actively recruits 
fully assembled gene editor RNPs from the nucleus, provides additional stability to the RNP 
complex, and is also highly modular via its aptamer-based mode of recruitment. While LNPs 
utilize specific lipid compositions to generate tissue tropism, VLPs inherit the ability from their 
enveloped origin viruses to display glycoproteins on their surface to access specific receptors 
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on the target cell membrane. VLP-based technologies therefore not only profit from decades 
of research on lentiviral delivery techniques, but have also re-ignited the fields interest in 
glycoprotein engineering platforms to access more tissue types with higher specificity. 
 
Looking at the development of the gene and cell therapy research field over the last decade, 
there seems to be a shift of focus: Soon after the conception of various novel CRISPR-based 
gene editing tools with therapeutic potential, next-generation delivery technologies were 
developed, and the currently biggest bottleneck seems to be the targeting efficacy and 
specificity in complex tissues, giving rise to a variety of new glycoprotein engineering 
approaches. To successfully translate VLP-mediated gene editor delivery into the clinic and 
leverage conceptual advantages over other transient delivery methods, further research 
regarding GMP-compliant manufacturing, formulation and tolerability is now imperative. 
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Introduction 

Gene editing 
Gene and genome editing describes the process of making defined, programmed changes to 
DNA. This is in distinction to chemical or radiation mutagenesis widely applied in crop breeding, 
which lead to the acquisition of random mutations across the genome, albeit with a bias 
towards certain types of mutations depending on the mutagenesis method. With the 
introduction of gene editing tools like zinc finger nucleases (ZFNs) and transcription activator-
like effector nucleases (TALENs), it was possible to alter DNA in a site-specific manner by 
directing a nuclease towards a defined location in the genome. This massively catalyzed 
scientific discovery and genetic engineering, but also opened up the possibility of therapeutic 
gene correction. 
 
While TALENs and ZFNs were cumbersome to customize and often lacked specificity and 
efficacy, the advent of CRISPR/Cas9 revolutionized the field with its high efficacy and 
customizability, together with many CRISPR homologs that were subsequently discovered1. In 
their fundamental conformation, Cas nucleases are directed to a target site through an 
engineered guide RNA (gRNA) as a ribonucleoprotein complex to facilitate a double strand 
break in a highly specific fashion, dependent on a spacer sequence within the gRNA that is 
complementary to the target sequence. Restoration of the target site through cellular repair 
mechanisms such as homology-directed repair (HDR) and non-homologous end joining (NHEJ) 
is followed by continuous re-targeting until eventually an insertion or deletion (InDel) event 
occurs, usually causing a frameshift mutation and consequently a functional knock-out of the 
respective gene.  
The capability of a cell to carry out HDR can also be harnessed to introduce a novel piece of 
DNA from an exogenous donor vector for the integration of transgenes or intact copies of 
defective endogenous genes. This was possible even before the discovery of targeted 
nucleases, but it became site-specific and more efficient in combination with targeted DNA 
disruption. And with CRISPR/Cas9 specifically, the execution of large-scale knockout studies 
or knock-ins of exogenous donor DNA then got much easier and faster. Critically though, Cas9 
could also be transformed into a mere targeting mechanism, by inactivating its two nicking 
domains HNH and RuvC, to guide a plethora of associated effectors to a target site. Two major 
examples are CRISPR interference, which utilizes the fusion of specific transcription factors to 
alter gene expression, and CRISPR imaging, where fluorescent proteins fused to the Cas 
domain can visualize genomic organization. 
This customizability of Cas9 with various effectors also led to the development of new editing 
techniques, the major developments being first base editing (BE)2–4 and then prime editing 
(PE)5, which allowed for defined genome modifications without causing a double strand break 
(DSB), greatly increasing editing precision. While base editing utilizes Cas9 nickase (nCas9) 
fusions with nucleotide deaminases to mediate specific transitions or transversions proximal 
to a target site, prime editing removed almost any restrictions to what kind of edit could be 
performed, from single nucleotide substitutions to large insertions or deletions. 
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Prime editing and its expanded toolbox 
Prime editing utilizes a reverse transcriptase (RT) domain fused to nCas9 in combination with 
a prime editing gRNA (pegRNA), which is constructed like a gRNA but also encodes the 
desired edit within a 3’-extension. After spacer annealing and DNA unwinding, a primer binding 
site (PBS) on the 3’ end of the pegRNA binds to the freed-up ssDNA flap proximal to the nick, 
upon which the RT prolongs the flap through reverse transcription with the pegRNA as 
template. The newly synthesized 3’ flap then enters a competition with the existing 5’ flap for 
incorporation into the locus during DNA repair. In a final step, the edit is either propagated into 
the complementary DNA strand, or eliminated by cellular DNA repair to reconstitute the original 
sequence6.  
 
Naturally for such a complex, multistep, multi-component process, many different parameters 
have been identified that can be optimized or modulated for beneficial effect in terms of editing 
efficacy, precision, and feasible edit types. Since its inception, prime editing research has 
primarily focused on editing strategies, pegRNA design and stability and prime editor 
protein engineering. The multi-step editing process also involves a variety of cellular 
determinants, which are involved in DNA repair, flap degradation, ligation and DNA damage 
tolerance7,8, only partially overlapping with known pathways for base editing9 and DSB repair10. 
These factors interact with each other and have also been tailored individually or in 
combination towards specific edit types, such as larger insertions. 
 

Next-generation prime editing strategies 
Suffering from low efficacy initially due its complexity, many further advances and innovations 
were made to better understand and optimize the prime editing process and expand its 
utility11,12. The foundational publication already provides the first iteration called “PE3”, in which 
a nick is introduced into the other DNA strand using a separate gRNA6, shifting the equilibrium 
towards edit incorporation during DNA repair. To prevent unproductive nicking events by the 
nicking gRNA (ngRNA), a “PE3b” strategy was also proposed in which the ngRNA could only 
bind the target sequence after the novel 3’ flap was already introduced.  
To stabilize the endogenous DNA flap that serves as template for reverse transcription, Song 
et al. added the DNA-binding domain RAD51 to the PE complex13. 
Hypothesizing that PE was influenced by specific endogenous DNA repair mechanisms, 
multiple groups used genetic screens to identify mismatch repair (MMR) as a relevant 
pathway8,14. Chen et al. observed increased prime editing efficacy when addig the dominant 
negative variant of the MMR component MLH (MLHdn) to the PE complex, and termed it “PE4”. 
They also found that the beneficial effects of PE4 and PE3 were additive in certain instances, 
and termed the combination of both strategies PE58. 
To improve chromatin accessibility for PE, a second, non-cutting Cas9 complex was directed 
to a proximal site via a truncated sgRNA15. For the same purpose, another study utilized 
different mechanisms to recruit the transcription factor P65 to the target site16. 
 
To expand on the possible range of edits and potentially access other pathways of DNA 
integration and repair, some groups coupled the RT domain with an active nuclease  
again17–19, a strategy now conventionally termed “PEn”. The presence of a DSB enabled larger 
re-arrangements18, and integration of the reverse-transcribed flap could now also be mediated 
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through NHEJ without any homology area between the RT template of the pegRNA and the 
endogenous site19. To address the increased prevalence of unintended InDel events 
associated with the resolution of DSBs, various end joining inhibitors were deployed19,20 which 
had shown benefit for nuclease-mediated donor integration before21,22, although a more recent 
publication also advises some level of caution23. Eventually, those repair-modulating proteins 
and compounds were applied to conventional nicking PE strategies as well24,25.  
 
Some groups re-evaluated the necessity of a reverse transcriptase for PE, and turned to DNA-
dependent polymerases (DDPs) instead. In one instance from Liu et al.26, DNA-dependent PE 
was utilized to benefit from the higher fidelity and dNTP affinity of DDPs, requiring the synthesis 
of a DNA-RNA chimera as separate DNA template. This template was then recruited via an 
RNA aptamer-binding protein fused to the DDP, which itself is not tethered to Cas9 anymore26. 
In another technique termed “click editing”, a DNA template for the DDP is completely 
separated from the gRNA and recruited through covalent tethering to a Cas9-fused HUH 
endonuclease, enabling high-throughput screening of optimal DNA templates27. 
 

pegRNA design 
For standard PE, there were only two parameters one could finetune beyond spacer selection, 
which are the length of the PBS and the length of the RT template (RTT).  
The PBS is constrained in length on one side by the nick, and in the other direction by the 
extent of ssDNA being made accessible the complementary spacer. With SpCas9 and a 
spacer length of 20 nt, this defines the maximum PBS length to be 17 nt. While this length is 
rarely required to reach the optimal PBS melting temperature (based on the GC composition 
of the target sequence), it was still recognized that there is a possibility even with shorter PBS 
lengths to bind to its complementary spacer sequence, rendering the pegRNA inactive. To 
alleviate this issue of pegRNA misfolding and auto-inhibition, strategies were developed that 
prevent the pegRNA to fold in on itself, for instance through selected silent mutations or 
protective RNA motifs28–31. The complementarity between PBS and spacer was also eliminated 
on a conceptual level with reverse/inverse PE strategies, where the PBS binds on the same 
strand as the spacer32,33. 
The RTT includes both the edit and the homology sequence, also often referred to as overhang. 
The design of the edit sequence is in large part pre-determined by the type of edit that needs 
to be carried out, but there is some potential for optimization. Studies on the role of cellular 
MMR have shown that it mostly recognizes smaller mismatches in DNA. Similar to MMR 
inhibition with PE4, MMR can therefore be evaded by increasing the edit window through 
additional synonymous mutations8,34. 
By definition, the RT overhang starts behind the last changed nucleotide (i.e. the edit) and is 
therefore not modifiable in sequence but only in length. After reverse transcription, the 
generated 3’ overhang is sequence-identical to the endogenous 5’ flap and mediates the 
incorporation of the edit into the endogenous site. Early experiments have shown that its 
optimal length can be as short as 9 nt5,35, but this is highly dependent on other parameters 
such as edit type and target sequence. A commonly known issue is RT readthrough into the 
pegRNA scaffold, and subsequent partial incorporation of the scaffold into the target site 
facilitated by minor homology extensions between target site and the pegRNA scaffold. While 
this effect could be reduced by mindful overhang design to a certain degree, Antoniou et al. 
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also developed a chemically modified pegRNA scaffold that prevents RT readthrough at the 
scaffold – overhang border altogether36. 
 
To deal with the increased complexity of pegRNA design, a number of tools were developed 
which automate the design process and enable the construction of large-scale experiments for 
a variety of edit types and editing strategies available at the time37–39. But it was also apparent 
that predicting the impact of a respective design choice was not straightforward. Beyond the 
variety of sequence-dependent parameters such as the appropriate spacer and the PBS 
melting temperature, cell type and epigenetics are also interconnected factors which are even 
more difficult to predict. In that regard, two parallel studies report that low dNTP abundance in 
certain cell types restricts RT activity and therefore PE efficacy, suggesting the inhibition of a 
dNTP-depleting factor via the lentiviral protein Vpx40,41. Another study even found that altering 
the epigenetic state of a target locus can modulate prime editing efficiency, with the suggestion 
to condition a target locus with CRISPR activation to increase editing rates42. 
Accounting for the multitude of interacting parameters that influence pegRNA activity, multiple 
prediction algorithms combined experimental data generated from large pegRNA libraries with 
deep learning to guide the choice of appropriate spacer, PBS and RTT sequences43–45. More 
recent iterations incorporate different editing strategies, complex edits such as larger 
insertions46,47, and also consider the state of locus-specific chromatin features47. But given that 
the PE toolbox is continuously expanding, prediction algorithms likely need to be updated 
iteratively or even tailored towards a specific innovation or modification to yield accurate results. 
 

pegRNA stability 
The 3’ poly-uridine stretch used for polymerase-III-dependent transcription termination is 
already widely known as a destabilizing factor48. Beyond that, multiple studies have focused 
on the additional need for stabilization of pegRNAs in particular, recognizing that their exposed 
3’ end makes them even more susceptible to exonuclease-mediated degradation35. Just like 
gRNAs49, pegRNAs could be chemically modified to increase their stability8,35. But to protect 
the pegRNA 3’ end specifically in a genetically encoded fashion, stable RNA hairpins such as 
RNA aptamers31 or pseudoknot motifs35,50 were screened for their ability to provide resistance 
against exonuclease degradation, and the identified candidates now find widespread use. 
“epegRNAs” were even shown to be compatible with chemical synthesis and modification, to 
due the small size of the utilized tevopreQ1 motif35. 
Similar to the development of PE4, screening for cellular determinants of PE also led to the 
discovery of the exonuclease protection factor La, which binds to the polyuridine stretch at the 
pegRNA 3’ end when co-expressed in target cells51. This modification termed ”PE7” 
demonstrated compatibility with all conventional previous PE strategies and even with 
epegRNAs to some extent51. 
It was also shown in two independent studies that the PBS-RTT section could be separated 
from the pegRNA and circularized using self-cleaving ribozymes to increase stability of both 
the resulting circular template and the remaining gRNA31,52. 
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Engineering of prime editor proteins 
Alongside the development of new PE strategies and pegRNA optimizations, the prime editor 
protein component was continuously refined and adapted as well. PE2 as the very first 
modification of prime editing actually constituted a codon optimization of the RT domain 
together with five activity-enhancing mutations, coining it as the foundational PE strategy6. 
Soon after, a protein called “PEmax” was generated through systematic optimization of nuclear 
localization sequences (NLS), addition of activity-enhancing Cas9 mutations, and overall 
optimized codon usage8. As the latest iteration from the Liu lab, editors were tailored through 
phage-assisted evolution towards specific edit types, yielding a set of editors termed  
“PE6” a-g53. 
In the meantime, others sought to expand the target space of prime editors by adapting other 
Cas nucleases to prime editing, such as SaCas954, Cas12a55 and engineered Cas9 variants 
with relaxed PAM requirements56. 
Some effort was put towards fitting the quite large PE protein into AAV vectors to make PE 
suitable for in vivo studies. While this could be achieved through inteins57 or 
minimized/truncated PE protein variants58, a number of studies also just separated the RT 
domain from the Cas protein and either left it untethered without any additional modifications59, 
recruited it via coiled-coil interactions60 or complemented it with a split-pegRNA approach as 
referenced above52,55, including an aptamer recruiting the RT domain to the edit site. 
 

Larger insertions with prime editing 
Prime editing for the first time enabled insertion-type edits without DSBs, but they remain a 
particularly challenging edit type, and this challenge only ever increases with insertion length. 
Already shown to be feasible in the foundational publication, it also displayed a drastic 
decrease in efficacy as soon as the length of the inserted sequence entered the double digits. 
Only PE3 was able to substantially increase the efficacy again6, which could originate from 
(staggered) DSBs, created by the additional nick, being particularly beneficial for larger edits. 
In the same sense, the capability of PEn to handle large insertions61 might also originate from 
the presence of a DSB. On the protein engineering end, phage-assisted evolution yielded 
variants with an increased propensity for insertion-type edits, specifically PE6c and PE6d53. 
 
Along the notion of staggered DSBs, an entire group of strategies was being developed in 
parallel which were tailored towards insertions, deletions or large rearrangements. All of them 
featured the common principle of two pegRNAs spanning a target site, and are collectively 
referred to as dual-pegRNA approaches62–68. Being demonstrated in plants initially62, the 
difference between them mostly concerns aspects of pegRNA design, dependent on their 
respective primary use case such as mid-size insertions66 or even genomic deletions on the 
kilobase scale65. 
A strategy termed template jumping PE (TJ-PE) followed a slightly different approach: With a 
single (very long) pegRNA carrying both RT overhangs, it only uses an additional nicking gRNA 
to enable insertion of the novel strand on the opposing end, mimicking the template-primed 
reverse transcription (TPRT) mechanism of retrotransposons69. To enable chemical 
modification, the pegRNA was subsequently split into gRNA and a circular template RNA, as 
shown previously52. 
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Based on the ability of PE to introduce mid-size insertions, a strategy was conceived to follow 
up on the insertion of a recombination site “landing pad” with a corresponding integrase and a 
DNA donor sequence70,71, bursting previous limits on insertion size at the cost of a 2-step 
process. In one strategy called “PASTE”, a Bxb1 integrase is fused to the prime editor protein, 
constituting an “all-in-one” complex together with a pegRNA and the DNA donor template70. 
Another independent study opted for twinPE-mediated integration of the landing pad and 
simultaneous or successive delivery of evolved Bxb1 integrases, reportedly surpassing PASTE 
by an order of magnitude in terms of integration efficiency71. 
In a very recent strategy termed “prime assembly”, the dual-pegRNA approach twinPE was 
combined with either an ssDNA donor or a dsDNA donor with 3’ overhangs to facilitate large 
insertions in the kilobase range, akin to a Gibson assembly in molecular cloning72,73. Lastly, 
the EXPERT system used a pegRNA variant where the PBS binds upstream of the spacer, 
enabled by the addition of a nicking gRNA to unwind the target locus74. Because the additional 
nicking gRNA nicks the same strand as the pegRNA, there is no formation of a staggered DSB. 
 
It appears that in general, the facilitation of larger insertions required a (staggered) DSB to be 
reasonably efficient, often incurring a penalty on editing precision. Within this niche, we 
developed exonuclease-enhanced prime editors to improve insertion-type edits without a 
secondary nick to maintain precision. 
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Delivery of gene editors 
The term “delivery” pertains to the means and process to actively transfer an substance, 
usually a biomolecule, into a target cell. In the context of genome engineering, this can mean 
any combination of DNA, RNA and proteins with the ability to make genetic or epigenetic 
changes. With powerful genome editing tools available, efficient delivery of those tools is the 
next major challenge for therapeutic genome editing75. Physical methods like electroporation 
or microinjection can be highly efficient in cell culture settings, but are mostly not applicable to 
complex models, highlighting the need for sophisticated biocompatible vehicles. 
The choice of a suitable vector depends on multiple characteristics, such as packaging 
efficiency for a respective cargo molecule, the capability to protect the cargo during transit, 
tolerability for the target organism, and its potency and specificity for target cell entry. 
Depending on the cellular uptake mechanism, there is also the additional hurdle of endosomal 
escape that needs to be cleared to gain access to the target cell cytoplasm or nucleus. 
 
Viruses were the first choice for the engineered, targeted delivery of genetic material in vivo, 
since this is what they naturally evolved to excel at. Viral vectors such as LVs and AAVs, which 
stably integrate their cargo DNA/RNA into the host cell genome or persist long-term episomally, 
have seen widespread use to deliver entire genes, even resulting in approved therapies like 
CAR-T cells76 or gene replacement77,78. Naturally, they were also the first vectors to be used 
for the delivery of gene editors, which has also seen some use in clinical studies79. But it is 
now being recognized that the long-term expression associated with stable integration is not 
compatible with gene editing strategies, having raised concerns about increased off-target 
editing80,81, immunogenicity82, and oncogenic potential through insertional mutagenesis and 
unintended vector integration83–86. While BE and PE are safer editing tools than nucleases in 
those aspects, some genotoxicity issues remain87. Viral vectors are therefore not ideal for gene 
editing applications, despite their efficacy and tissue specificity. 
 

Non-viral delivery technologies 
To avoid the complications of long-term expression, a lot of research interest has shifted 
towards methods that can deliver editors in a transient fashion, an approach that is often 
referred to as “hit-and-run”: Gene editors are delivered to target cells as mRNA or RNP, where 
they execute their purpose and are subsequently degraded. For gene editors, the delivery as 
RNPs is particularly advantageous because they are immediately active, and gRNAs are better 
protected from premature degradation88. 
Because of the enormous variety of non-viral RNP delivery methods88, those without 
demonstrated potential for in vivo therapy will not be discussed here in detail. For instance, 
“non-viral” includes physical methods by definition, and those find use in ex vivo therapy (such 
as RNP electroporation in combination with viral vectors), but they are not suitable for in vivo 
settings. Another concept that has shown promise in vitro are cell penetrating peptides (CPPs), 
which can facilitate the naked delivery of gene editors based on charge or receptor 
engagement89–91, although facing challenges regarding endosomal escape92,93. One study 
investigated editor RNP delivery with CPPs, but its effectiveness remained limited compared 
to other vectors94. Certain peptides have also been conjugated with lipids to promote self-
assembly into “nanosomes”, which could also deliver Cas9 RNPs in vitro95. 
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Synthetic nanoparticles 
The assembly of molecules into nanostructures that incorporate cargo is the common 
characteristic of synthetic nanoparticles, which have been studied extensively for CRISPR 
RNP delivery88. They are usually chemically synthesized and subsequently formulated 
together with respective cargo molecules. Lipid-based approaches have seen the most traction, 
but there are also formulations based on various polymers96–99 and occasionally inorganic 
substances100,101. Yet, aside from lipid-based nanoparticles, they currently lack substantial 
demonstration of in vivo efficacy and tolerability. 
A notable recent addition to the nanoparticle spectrum are protein nanoparticles: Neither 
chemical nor cell-derived but recombinantly expressed, they evade this conventional 
classification scheme. In a technology called ENTER, elastin-like polypeptides are combined 
with endosomal escape peptides to deliver a variety of cargo types102. The potential for genome 
engineering is highlighted by the delivery of Cre recombinase, as well as Cas9 nuclease and 
base editor RNPs, although currently without any mechanism for targeted delivery102. 
 
Lipid nanoparticles (LNPs) 
LNPs canonically consist of four components: an ionizable lipid, cholesterol, a helper lipid, and 
a PEG-lipid conjugate. This is in distinction to other lipid-based nanoparticles such as 
lipoplexes and liposomes: Lipoplexes only contain permanently cationic lipids and find 
widespread use as lipofection reagent in cell culture even for CRISPR RNPs103. While there 
are examples of local application104, lipoplexes are generally considered less suitable for in 
vivo therapy due to their high toxicity105. Liposomes enclose cargo in an aqueous core with a 
phospholipid bilayer, which also be functionalized for targeted delivery. In that regard, they 
resemble cell-derived vesicles106, which will be discussed in greater detail. Just like with 
lipoplexes, there is plenty of research around liposome-mediated in vitro delivery of CRISPR 
components107, but no successful in vivo study to date.  
The LNP formulation and cargo encapsulation process usually involves ethanol and acidic 
buffers. The choice of respective lipids is vast, and the specific composition determines size, 
shape and charge of the resulting particle, which also has a major influence on cargo 
encapsulation. The preferred cargo type for LNPs is RNA, because the protonated ionizable 
cationic lipids can interact with the negatively charged nucleotide backbone. The LNP 
composition further affects its stability, biodistribution and biocompatibility, which are important 
metrics for an in vivo application. Having risen to the occasion as potent mRNA vaccine carriers 
during the coronavirus pandemic108, LNPs have been intensify studied as delivery vector for 
the therapeutic application of gene editors109, with a lot of traction towards clinical translation. 
LNPs are known to accumulate in the liver, and were consequently used for liver targeting or 
applied locally when delivering gene editors in vivo110–113. 
 
LNPs have also been adapted to PE114, but the predominant co-delivery of Cas9 effector 
mRNA with a “naked” gRNA is presumably not optimal: The large size of Cas9 effector mRNAs 
can limit the efficacy of LNP-mediated delivery115, and the stability of unbound gRNAs would 
benefit from complexation into an RNP even when chemically modified49. Recent research on 
LNP-mediated editor delivery has therefore aimed at packaging RNP cargos as well, which is 
more challenging due to electrostatic repulsion between lipids and cargo protein116, as well as 
the risk of protein denaturation/degradation during LNP formulation at acidic pH117. This was 
addressed by adding a permanently cationic lipids to the composition, enabling cargo 
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encapsulation at neutral pH117. It was also suggested to add highly negatively charged protein 
domains to facilitate protein encapsulation by LNPs118,119. In another instance, Cas9 RNPs 
were combined with single-stranded oligodeoxynucleotides (ssODNs) during formulation to 
facilitate HDR in vivo, with the interaction between RNPs and ssODNs apparently exerting a 
major influence on cargo loading efficiency120. Chen et al. tackled the denaturation issue of 
RNPs during LNP formulation by using a highly thermostable Cas9 variant121. Lastly, a very 
recent study successfully delivered BE and PE RNPs in vivo, but recognized that a highly 
specific composition of lipids is required that also has to be re-optimized for each different 
RNP94. 
 
Cell-derived vesicles 
On the opposing end of synthesized nanoparticles stand cell-derived particles, which have 
equally seen a lot of use for gene editor delivery as extracellular vesicles (EVs) and virus-like 
particles (VLPs)122. They are generated from production cells that are usually (transiently or 
permanently) genetically engineered for this purpose. For gene editors, this would mean the 
stable integration or more commonly transfection of producer cells with constructs for cargo 
expression, particle formation and target cell entry. Key performance indicators for cell-derived 
vesicle systems are their rate of particle assembly and budding, cargo packaging efficacy, and 
efficacy/specificity of target cell entry. Cell-derived vesicles are enveloped, and as such usually 
taken up by a target cell through endocytosis. Therefore, an additional important metric is the 
capability of endosomal escape to release cargo into the target cell cytoplasm, which is mostly 
mediated through fusogenic glycoproteins. 
Unlike with nanoparticles, there is no possibility to artificially stabilize any cargo component 
through chemical modification, which adds to the stability advantage of RNPs over other types 
of cargo molecules. 
 
Extracellular vesicles (EVs) 
EVs are a natural component of many cells with a variety of functions, one of them being the 
transfer surface proteins or genetic material between cells as means of communication123. This 
capability could be harnessed for the transfer of custom cargo124. A foundational study utilized 
the glycoprotein of the vesicular stomatitis virus (VSV-G) to generate EVs with enhanced 
particle formation, fusogenicity and endosomal escape125. These EVs termed “gesicles” were 
used to transfer a receptor protein to a target cell surface via endosomal membrane fusion. 
The potential for the delivery of cargo within the vesicle lumen was recognized, but not 
realized125. Another EV technology termed “VesiCas” was then one of the first to use gesicles 
for the delivery of Cas9 RNPs to target cells, yet still without active cargo recruitment126. That 
was later implemented via fusion of a cargo protein to the cytoplasmic domain of VSV-G, 
coupled with chemically-induced dimerization127,128 or split-protein complementation129. Instead 
of VSV-G, others combined induced dimerization with other, engineered targeting domains 
displayed on the EV surface130. It was also shown that EVs could be loaded by just 
myristoylating the cargo protein131 or one part of an induced dimerization system directly132.  
It was shown that EV formation could be promoted further by certain proteins that engage with 
the endogenous ESCRT machinery responsible for particle budding133. Chen et al. then fused 
Cas9 to an engineered variant of such a protein called ARRDC1 to generate RNP-loaded 
EVs134. 
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Another technique for cargo recruitment into EVs is based on the observation that some 
proteins like CD63 and Hspa8 are naturally enriched in EVs, so-called EV markers or sorting 
proteins. This was actually already utilized in earlier studies, where fusions of those EV 
markers to aptamer-binding proteins like MCP from the MS2 phage were used to recruit and 
deliver mRNAs or miRNAs135,136. A study by Yao et al. then used this concept to package base 
editor RNPs into EVs via the com aptamer system, and combined it with VSV-G for endosomal 
escape137. To recruit assembled RNPs, the com aptamer was integrated into the gRNA scaffold. 
 
Other studies focused on protein recruitment: Ye et al. fused GFP to the intracellular domain 
of CD63 and an anti-GFP nanobody to Cas9138, Osteikoetxea et al. tested multiple induced 
protein dimerization systems in combination with a variety of EV markers to mediate Cas9 
recruitment and release139. A very recently developed EV technology called VEDIC instead 
features an intein-mediated release mechanism from direct fusions of Cas9 to CD63140, which 
they then expanded to other sorting proteins as well141. 
Showcasing an entirely different loading mechanism, Pan et al. harvested EVs from bone 
marrow and loaded them with Cas9 RNPs via electroporation to impede osteosarcoma 
progression142. 
 
Virus-like particles (VLPs) 
Viruses have evolved to efficiently package their own genetic material and transfer it to other 
cells, making them the ideal framework for the targeted transfer of customized genetic material. 
The most commonly used frameworks for VLPs are lentiviruses (HIV-1) and retroviruses 
(MMLV), although there are other examples143,144. Broadly, both encode three major 
polyproteins for structural components (gag), replication (pol) and cell entry/fusogenicity (env). 
Gag contains domains responsible for membrane recruitment (MA), capsid assembly (CA), 
nucleocapsid assembly and RNA genome recruitment (NC) and budding (p6). Pol contains a 
protease (PR), reverse transcriptase (RT) and integrase (INT)145. Pol domains are contained 
within a gag-pol polyprotein, that is expressed at a lower rate than gag itself through a 
ribosomal frameshift (HIV-1) or stop codon readthrough mechanism (MMLV). After budding, 
viral particles undergo a protease-mediated maturation phase, in which all domains are 
proteolytically released. 
Lentiviral vectors (LVs), based on HIV-1 and commonly used for stable integration of genetic 
cargo, can be considered a precursor to VLPs: The viral genes on the RNA genome are 
replaced by a custom transgene, and instead supplied to the production cell in trans. Thus, 
LVs are not replication-competent anymore, but still facilitate stable integration of the 
customized genetic payload. Integration-deficient lentiviruses (IDLVs) go one step further, as 
the integration of genetic cargo is prevented through a mutation in the viral integrase domain. 
This means that any transferred genetic cargo only persists episomally in the target cell short-
term. 
Env is usually replaced by other fusogenic glycoproteins such as VSV-G, a technique known 
as “pseudotyping”. This LV-inherited capability to straightforwardly modulate tissue tropism is 
a key advantage of VLPs over other non-viral delivery, and will be discussed in detail in a 
subsequent chapter. 
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Critical capabilities that determine the efficacy of VLP systems include, in chronological order: 
Cargo packaging/compatibility, particle assembly, budding, target cell entry, endosomal 
escape and cargo release. 
The cargo recruitment mechanism is particularly important, because it determines which types 
of cargo (protein, RNA, RNP) can be packaged. While different recruitment mechanisms also 
find use in EVs, this choice is even more fundamental with VLPs because of other interrelated 
design choices regarding particle assembly and cargo release. Current VLP technologies for 
gene editor delivery can therefore be classified along two modes of cargo recruitment: Protein-
focused or gRNA-focused.  
 
Protein-focused cargo recruitment 
Early designs were based on the direct fusion of a cargo protein to the gag-pol polyprotein of 
an LVs or IDLVs, with some variations. For instance, a cargo protein could be fused either to 
the N-terminus of gag-pol146,147 (while retaining the myristoylation site required for membrane 
association), or the C-terminus148. In the latter example, the integrase domain could also be 
removed, since it is not required for protein delivery148. 
In both of those designs however, the cargo protein remained attached to gag, which could 
inhibit its function. The first designs that demonstrated gene editor protein delivery therefore 
included a cleavage site for the viral protease, releasing the cargo protein in the target cell 
after maturation149,150. Furthermore, the viral myristorylation signal was replaced with a 
pleckstrin homology domain to enhance gag recruitment to the membrane151. Complementing 
Cas9 protein delivery, the sgRNA was encoded on a lentiviral transfer vector to yield “all-in-
one” particles150. 
Instead of direct fusions to the gag domain, it was also discovered that cargo proteins could 
be delivered by fusing them to lentivirus-associated proteins, which are incorporated into 
virions through non-covalent interaction with gag152–154. Based on this strategy, one study fused 
Cas9 to the lentiviral protein Vpr, again separated by a protease cleavage site155. Another 
study used Cyclophilin A (CypA) for this purpose156, due to its ability to bind to lentiviral 
capsids157. As before, the gRNA was co-delivered on a lentiviral transfer vector. 
 
While the protease domain facilitates cargo release in these designs, it is still possible to deliver 
proteins without it. In fact, the entire pol gene is not essential for particle formation either145. 
An early study by Kaczmarczyk et al. merged these concepts to deliver a cargo protein with 
retroviral VLPs only consisting of gag domains158. However, the absence of a cargo release 
mechanism likely limited its efficacy. In a similar fashion, the VesiCas study attempted Cas9 
fusions to gag, but did not observe any advantage over their EV designs126. 
To enable cargo release again, Mangeot et al. supplemented MMLV-Gag-Cas9 fusions with 
integrase-deficient gag-pol as a “helper” protein159. With their “Nanoblade” particles, they were 
also the first to demonstrate RNP delivery, relying on gRNAs associating to Cas9 in the 
producer cell. Through polybrene-mediated complexation of nanoblade particles with ssDNA 
donor templates, they further constructed all-in-one particles for HDR159. 
Due to its efficacy and multitude of innovations, nanoblades had substantial impact in the field, 
and were utilized in several follow-up studies demonstrating efficacy in various cell types160 
and even organoids161, or adaptation to other Cas variants162., Banskota et al. expanded on 
the nanoblade design with the development of “eVLPs”, improving cargo release through 
optimized linker cleavage, stoichiometry of the integrase-deficient gag-pol helper, and 
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adaptation to the delivery of base editor RNPs163. Importantly, they also introduced a nuclear 
export sequence (NES) into gag, offsetting the NLS on Cas9 to optimize the localization of the 
gag-Cas9 fusion protein during particle assembly in the producer cell. eVLPs were also utilized 
in several other studies for organoid164 and zygote165 editing, and adapted to epigenome 
editing166. Directed evolution later yielded improved eVLPs specifically for base editing167. 
Both nanoblades and eVLPs were eventually adapted to PE with additional tweaks. While the 
adaptation to nanoblades termed “NanoScribes” utilizes intronic pegRNA transcription with 
Polymerase II promoters and also implements multiple NES to optimize localization, it sticks 
to the fusion-based approach168. “PE-eVLP” introduces the recruitment of the prime editor via 
coiled coil domains, and additionally utilizes a pegRNA-grafted aptamer to separately improve 
recruitment of pegRNAs via a modified gag-pol domain169. 
 
Alongside this continuous development of retroviral VLPs for gene editor delivery, the same 
process took place with lentiviral particles. Hamilton et al. used Gag-Cas9 fusions, also with 
protease-cleavable linker and wild-type gag-pol as helper, to construct Cas9-EDVs170. Utilizing 
the ability of the maturated lentiviral nucleocapsid to transfer a lentiviral transgene directly into 
the nucleus171, Cas9-EDVs facilitated simultaneous gene knock-out and lentiviral integration. 
In one follow-up study mainly focused on immune cell-targeted pseudotyping, the Cas9-EDV 
design was further refined, implementing the localization optimization via NLS and NES 
motifs172. By substituting the HIV-1 protease cleavage site with a different one from tobacco 
etch virus (TEV), they also found that lentiviral maturation and nucleocapsid formation was not 
required for efficient RNP delivery into the target cell nucleus172. In a recent pre-print, the group 
then systematically assessed which components of Cas9-EDVs were actually essential, 
yielding a drastically minimized variant supplemented by an equally minimized helper 
domain173. Interestingly, this study also reported that proteolytic release was entirely 
expendable for Cas9 editing activity, indicating that gag-Cas9 fusions could facilitate editing 
with similar efficacy173. 
In an independent study, Haldrup et al. developed lentivirus-derived nanoparticles (LVNPs), 
which they used for nuclease editing, BE and also for the first time PE via VLPs174, slightly 
ahead of PE-eVLPs. In the final LVNP3.0 configuration, the gene editor is fused to the C-
terminus of gag-pol, retaining only the protease domain while eliminating RT and INT. This 
design utilizes the natural ribosomal frameshift mechanism of HIV-1 to modulate the 
stoichiometry of editor-fused and unmodified gag transcripts for ideal particle assembly. While 
this design is not dependent on a helper construct in principle, integrase-deficient gag-pol was 
still included during production. Unlike with other fusion-based designs163,172, the NLS motifs 
attached to Cas9 were not compensated with NES motifs elsewhere to aid particle assembly. 
 
gRNA-focused cargo recruitment 
Lentiviruses and retroviruses already possess a mechanism for RNA delivery: The NC domain 
binds to a packaging signal on their RNA genome. This mechanism is also used for lentiviral 
transduction systems and IDLVs, and some early designs for Cas9 protein delivery still encode 
the gRNA on the lentiviral transfer vector150,155. It is even possible to recruit Cas9 proteins via 
a gRNA encoded on a transfer vector156. 
But the general mechanism of lentiviral RNA packaging, based on the interaction between an 
aptamer and an aptamer-binding protein, also inspired orthogonal techniques for mRNA 
delivery: Prel et al. tagged an mRNA transcript with multiple MS2 aptamers, and integrated the 
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corresponding MS2 coat protein (MCP) into the NC domain of gag, which was no longer 
needed for RNA recruitment175. This design was later adapted in multiple other studies to 
deliver Cas9 mRNA, combined with the gRNA on a lentiviral transfer vector176,177. Another 
group also tested MCP insertions into the MA domain, as well fusions to the lentiviral accessory 
proteins Vpr and NEF178. 
The first example of an aptamer-modified gRNA for recruitment into VLPs was published in 
2018 by Knopp et al., who co-delivered MS2-tagged Cas9 mRNA with an MS2-tagged gRNA179. 
This was achieved with MLV-derived VLPs in which the gag and pol frames were split into two 
separate plasmids, and NC was replaced with MCP. The same group later demonstrated 
gRNA delivery also with RSV-derived VLPs, testing multiple potential aptamer grafting 
positions within the gRNA scaffold180. 
Lyu et al. were the first to explicitly pursue RNP delivery, without the requirement for additional 
Cas9 mRNA packaging181. Further exploring this design, they then systematically assessed 
various aptamers and sgRNA grafting positions, also demonstrating the capability of 
multiplexing different RNPs with the same particle182 and also the delivery of base editor 
RNPs183. Looking for improvements on their design, they eventually revisited mRNA co-
delivery, and also recruitment of the lentiviral transfer vector via orthogonal aptamers184. 
The latest addition to aptamer-mediated RNP delivery was the RIDE system185. Based on a 
VLP design that the group had developed before for mRNA delivery176,186, Cas9 nuclease and 
base editor RNPs are recruited via MS2-grafted gRNAs and N-terminal fusion of MCP to 
lentiviral gag-pol, supplemented with integrase-deficient gag-pol helper. While their VLP 
design did not feature any innovation compared to previous studies, they instead focused on 
the development novel glycoproteins for tissue-specific delivery, which will also be discussed 
in detail later on. 
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Publication: Exonuclease-enhanced prime editors 
Prime editors mark a significant advancement in the gene editing toolkit, but while high efficacy 
could be achieved for substitution-type edits and small insertions and deletions, bigger edits 
remain challenging. In this work, an exonuclease domain from the T5 phage was utilized to 
enhance the efficacy of prime editing for insertions, specifically digesting the endogenous 5’ 
flap to make space for the new 3’ flap generated through reverse transcription from the 
pegRNA, alleviating the first bottleneck of flap competition. It was shown across multiple loci 
and cell types that Exo-PE enhances the insertion efficacy of a 30 nt affinity tag and a 54 nt 
recombination site, compared to the reference strategies PE2, PE3, PE4 and PE5. Contrary 
to the dual-nick strategies PE3 and PE5, Exo-PE maintained high editing precision. 
 
The successful demonstration of the Exo-PE strategy relied on two key findings: Firstly, the 
localization of the exonuclease domain relative to the site of DNA unwinding is essential. While 
direct fusion of the exonuclease to either Cas9 terminus resulted in an at most minor increase 
in editing efficacy, recruitment via a pair of aptamer and aptamer-binding protein, with the 
aptamer inserted into the tetraloop of the pegRNA, yielded a significant increase. Secondly, 
the choice of exonuclease is critical, as we found that from a variety of 5’ exonucleases tested, 
only two led to an increase in editing efficacy. Intriguingly, both of these also show 5’ flap 
endonuclease activity. 
 
During the development of Exo-PE, we generated an enhanced traffic-light reporter (eTLR) as 
a multimodal, digital flow cytometry-compatible high-throughput readout tool. Initially 
developed to screen for HDR-enhancing compounds, eTLR simultaneously detects HDR and 
InDel events in all forward reading frames and successfully validated the mutagenic end-
joining inhibitors i53 and AZD7648 (a DNA-PK inhibitor). It can further be applied to measure 
base editing efficacy, and in the context of Exo-PE development it was used to measure the 
efficacy of a 54 nt insertion via prime editing, restoring a truncated red fluorescent protein. 
Utilizing eTLR, we also generated an improved prime editor (iPE) featuring an optimized 
nuclear localization sequence. iPE displayed a consistent increase in editing performance for 
this type of edit. 
 
My contribution to this study includes the co-generation of all constructs, co-conduction of all 
cell and biochemical experiments and the co-analysis of all data related to prime editing. 
Specifically, I led efforts to further characterize Exo-PE after its initial conception, and designed 
and executed all benchmarking experiments on endogenous sites as well as the exploratory 
study on endogenous cell tagging via fluorescence complementation. I carried out the entire 
statistical analysis and led the writing of the revised manuscript. 
 
The article is published in Nature Methods, licensed under a CC BY 4.0 license and available 
at https://doi.org/10.1038/s41592-023-02162-w. 
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Prime editing (PE) is a powerful gene-editing technique based on targeted 
gRNA-templated reverse transcription and integration of the de novo 
synthesized single-stranded DNA. To circumvent one of the main bottlenecks 
of the method, the competition of the reverse-transcribed 3′ flap with the 
original 5′ flap DNA, we generated an enhanced fluorescence-activated cell 
sorting reporter cell line to develop an exonuclease-enhanced PE strategy 
(‘Exo-PE’) composed of an improved PE complex and an aptamer-recruited 
DNA-exonuclease to remove the 5′ original DNA flap. Exo-PE achieved 
better overall editing efficacy than the reference PE2 strategy for insertions 
≥30 base pairs in several endogenous loci and cell lines while maintaining the 
high editing precision of PE2. By enabling the precise incorporation of larger 
insertions, Exo-PE complements the growing palette of different PE tools and 
spurs additional refinements of the PE machinery.

PE entails the reverse transcription of a Cas9-bound RNA template 
at a targeted DNA site, successful insertion of the generated 3′ flap 
and repair of the DNA locus. The initial demonstration of PE by Anza-
lone et al.1 was a remarkable achievement given the complex spatial 
arrangement and orchestration of the different molecular functions, 
the delicate ratio of affinities between self-complementary PE gRNA 
(pegRNA) and primer-binding site (PBS), and the downstream cellular 
processes resulting in the incorporation of the intended edit.

One of the critical bottlenecks emphasized in the original pub-
lication1 is the need for the de novo synthesized 3′ DNA flap to out-
compete the original 5′ end, which is, in particular, disfavored for  
longer stretches.

The DNA repair machinery has to subsequently maintain the 
desired edit in lieu of the original sequence. The PE3 strategy attempts 
to bias the outcome towards the desired edit by causing a secondary 
nick on the unedited strand, flagging it for repair. However, this strategy 
carries the risk of an increased rate of insertions and deletions (indels). 
The PE4 strategy inhibits DNA mismatch repair (MMR), although it 
seems to be less effective for longer edits2. PE5 combines both of these 
strategies simultaneously.

Furthermore, alternative PE strategies use paired pegRNAs to 
generate two de novo 3′ DNA flaps that anneal together to replace the 
original segment. These ‘paired PE’ strategies have been customized 
for different types of edits (short substitutions, insertions or large dele-
tions)3. However, using a secondary nick in the paired PE strategy still 
poses the danger of unintentionally creating a staggered double-strand 
break (DSB).

Here, we describe developing and optimizing a complementary PE 
strategy called Exo-PE, which involves recruiting a 5′–3′ exonuclease to 
the editing site. This active recruitment generates an engineered gap 
for the invasion of the de novo synthesized 3′ flap, thereby relieving the 
bottleneck of flap competition and thus enabling also larger inserts 
without a secondary nick.

Results
Fluorescent reporter line for gene-editing events
To improve the precision and throughput of our gene-editing 
studies, we first developed a fluorescence-activated cell sort-
ing (FACS) screening system that comprehensively captures both 
successful PE- or homology-directed repair (HDR)-mediated 
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missing C terminus of mScarlet-I and a new polyadenylation site  
(Fig. 1b and Extended Data Fig. 1d).

The biallelic eTLR cell line can thus distinguish three different 
outcomes: red fluorescent cells indicate successful homologous 
recombination, and green cells indicate mutagenic end-joining events. 
Detection of both red and green fluorescence for one cell in FACS analy-
sis (Methods) indicates that one allele was repaired via PE (or HDR), 
whereas the second reporter copy on the other allele was repaired by 
mutagenic end-joining (mutEJ), such as nonhomologous end-joining. 
The fraction of red fluorescent cells was used to determine the desired 
editing efficacy, and the ratio of total red to green cells was used to 
measure editing precision4.

Optimization of the PE enzyme and its nuclear localization
First, we used the eTLR system to generate an improved PE (iPE) by 
optimizing the protein component (Fig. 2). Specifically, we incor-
porated an enhanced nuclear localization sequence (NLS) motif 
(superNLS) (Fig. 2a,b) and a codon-optimized reverse transcriptase 
(RT). Moreover, we removed several potential splice sites contained 
in the original unoptimized prime editor1, which may lead to mRNA 
mis-splicing6 and nuclear retention by splice factors (Fig. 2a, marked 
in red). We also re-examined which terminus of the Cas9 nickase 
(nCas9) is optimal for the RT fusion, comparing a version with RT 
fused C-terminally (iPE-C), and one with RT fused N-terminally  
(iPE-N) (Fig. 2a).

We then benchmarked iPE-N/C against PEmax2, which contains a 
C-terminally-fused codon-optimized RT domain, additional mutations 
to nCas9 (R221K + N394K)7, and improved nuclear localization. iPE-N 
and iPE-C showed an increased editing efficacy over PEmax in a PE3 
setting using an engineered pegRNA (epegRNA) with a 3′-protection 
motif (tevopreQ1)2 (Fig. 2c).

outcomes as well as mutagenic end-joining (mutEJ) events leading to  
indels (Fig. 1).

In distinction to previous systems that could only report 
approximately one-third of unintended edits4, our enhanced traffic 
light reporter (eTLR) system reports all frameshifts resulting from 
indels at the target site. Specifically, the reporter design allows the 
C-terminally truncated red fluorescent mScarlet to be restored by PE 
or HDR, whereas any indels occurring in any of the frames are detected 
via the expression of the small green fluorescent protein enhanced 
UnaG (eUnaG)5 enabled by translational readthrough into one of the 
frames (Fig. 1a). We removed all out-of-frame stop codons by syn-
onymous codon replacements, except for M51-T52 (ATG–ACN), where 
neither methionine nor threonine could be synonymously substi-
tuted to remove the +2 frame opal stop codon. Therefore, T52S had 
to be introduced into eUnaG to remove this out-of-frame stop codon. 
Moreover, to minimize leaky background fluorescence, we removed 
all out-of-frame start codons (ATG) to prevent translation initiation by 
cryptic promoters (Extended Data Fig. 1a,b). If desired, it would also 
be possible to decode the exact frame by immunofluorescence against 
the frame-specific epitope tags (Flag, HA, V5).

We first confirmed the functionality of the three reading frames 
by creating –1/–2/–3 nucleotide deletions to simulate mutagenic 
end-joining events at the target site, which led to visible green fluo-
rescence (Extended Data Fig. 1c).

To validate that the degree of green or red fluorescence of eTLR 
reflect the different genome editing outcomes, we used CRISPR–
Cas9-driven HDR of the truncated mScarlet-I, whose efficiency was 
modulated by established pharmacological compounds. We trans-
fected a clonal cell line carrying biallelic copies of the eTLR system, with 
CRISPR–Cas9 components directed against the editing site together 
with a promoterless HDR template containing the 54 nucleotide 
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on C-terminally truncated (Trunc.) mScarlet-I followed by a stop codon and 
a concatenation via P2A sites of three different frames coding for the green 
fluorescent protein eUnaGT52S. Out-of-frame ATGs were removed to prevent 
unintended translation initiation. Disruption of the stop codon via, for example, 
NHEJ/MMEJ/SSA results in readthrough and the activation of one of the eUnaG 
frames (eUnaG (+1/2/3)) (green fluorescence). Instead, successful repair via PE 
or HDR results in full-length mScarlet-I (red fluorescence). Cells with a biallelic 
integration of eTLR were analyzed via FACS, where red fluorescence reports 
successful HDR or PE, while green fluorescence indicates a mutagenic end-
joining event. A signal on both the red and green channels (shown in orange) 
indicates that both events have occurred, each on a separate allele. b, HEK293 
cells carrying biallelic copies of the eTLR system in AAVS1 were transfected with 
a promoterless repair template for mScarlet-I and an all-in-one CRISPR–Cas9 

plasmid targeting eTLR. At 16 h after transfection, the indicated compounds were 
added to the cells. At 3 days after transfection, cells were analyzed for red and 
green fluorescence by flow cytometry to quantify the effect of the compounds 
on the repair outcome. Colored bars quantify the fraction of cells with green, red, 
or both (orange) signals representing the different editing outcomes (left y axis), 
whereas the gray bars (right y axis) display the ratio of HDR over mutagenic end-
joining events as a measure of editing precision. Selected results of a Bonferroni 
MCT after one-way ANOVA were shown for the HDR events as well as editing 
precision (HDR/mutEJ) and are indicated by asterisks; *P < 0.05, ****P < 0.0001. 
Bars, mean ± s.d. (n = 3 biological replicates). Please note that only very few red or 
green events were recorded by FACS for the condition without donor and Cas9, 
and the non-targeting control (NTC) such that the corresponding HDR/mutEJ 
ratios are not informative (shaded bars).
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In the eTLR system, we also found that deleting the RNAse H 
domain of RT (iPE-N/C-∆H) increased the indel frequency and thus 
reduced the precision for the N-terminal configuration, whereas 
the same deletion had only an attenuated effect in the C-terminal  
fusion (Fig. 2c).

The original PE2 enzyme1 was not significantly worse than PEmax 
when combined with engineered pegRNAs (Fig. 2c). However, when 
pegRNAs without tevopreQ1 were used, the original PE2 enzyme per-
formed much worse compared with iPE-N in both the PE2 and PE3 strat-
egy (Extended Data Fig. 2a; PE2, P = 0.0007; PE3, P < 0.0001; two-tailed 
unpaired t-test), indicating optimized enzymes can compensate for 
suboptimal pegRNAs.

When further comparing iPE-N and iPE-C on eTLR, we found that 
iPE-N had a slightly higher editing efficacy for the PE3 and paired PE 
strategy than the C-terminal fusion (iPE-C; Extended Data Fig. 2b; red 
bars, P = 0.0222; one-way analysis of variance (ANOVA) with Bonferroni 
multiple comparison test (MCT)) also when the RT was exchanged 

with MarathonRT (Extended Data Fig. 2c; P < 0.0001; two-tailed  
unpaired t-test).

We have thus identified optimal iPE proteins with an N- or 
C-terminal fusion of RT to nCas9 (iPE-N or iPE-C) featuring an improved 
NLS, linker length, and codon usage.

Recruiting an exonuclease to the PE complex
We next assessed whether installing a 5′-exonuclease directly on iPE 
could more efficiently free up space for inserting the de novo syn-
thesized 3′ flap, comprising the desired edit and the invasion/homol-
ogy region. We searched for highly active 5′-DNA-exonucleases/flap 
endonucleases and identified T5-bacteriophage and T5-like 5′–3′-DNA
-exonucleases8,9, which also possess flap endonuclease activity as poten-
tial candidates for creating engineered gaps at the primary PE site. 
Since both termini of Streptococcus pyogenes Cas9 are located on the 
opposite side of the cleft where the target DNA is bound and nicked  
(Fig. 2b), we reasoned that a direct fusion of the exonuclease might not 

a

b c

N863A

RNAse H

SpyCas9

SpyCas9

H840A

MLV RT x6 (suboptimal codons)

Auuua Motif RNAse H

Cryptic splice donor sitesNLS

XTEN

HA-superNLS2 NLS

MLV RT x6

N863A HA-superNLS2

MLV RT x6 ∆H

XTEN

XTEN

RNAse H

NLS superNLS2-Flag

MLV RT x6

H840A

XTEN

NLS superNLS2-FlagH840A

XTEN

MLV RT x6 ∆H 

PE2 original

iPE-C

iPE-C-∆H

iPE-N

iPE-N-∆H

3'-end of sgRNA

3'-end of nicked noncomplementary DNA

Complementary
DNA

N terminus
C terminus

46.5 Å

NTC
 (iP

E-N
)

iPE-N

iPE-N
-∆

H
iPE-C

iPE-C
-∆

H

PE2 (
edito

r)

PEmax

PE3

mutEJ
PE and mutEJ
PE
PE/mutEJ

0

5

10

15

20

25

0

1

2

3

4

5

6

Pe
rc

en
ta

ge
 o

f c
el

ls
 th

at
 u

nd
er

w
en

t m
ut

EJ
,

PE
 o

r b
ot

h PE/m
utEJ

SpyCas9

SpyCas9

SpyCas9

Fig. 2 | Development of an iPE in combination with engineered/protected 
pegRNA containing an RNA aptamer. a, Schematic representation of the 
original PE construct from ref. 1 (top) and optimized PE constructs. Cryptic 
splice donor sites were detected using NetGene2 (ref. 6). b, Top, depiction of the 
superNLS, harboring three mono- and two bipartite NLS sequences. Bottom, 

structure of the ternary Cas9–sgRNA–DNA complex with nicked nontargeting 
DNA (PDB, 6VPC). c, Comparison of the original PE2 editor and the optimized 
PEmax2 with iPE with RT fused N-terminally or C-terminally (iPE-N and iPE-C) and 
its ∆RNAse H variants, combined with a 3′-tevopreQ1-modified pegRNA, in a PE3 
setup. Bars represent mean ± s.d. (n = 3 biological replicates).

http://www.nature.com/naturemethods
https://doi.org/10.2210/pdb6VPC/pdb


Nature Methods | Volume 21 | March 2024 | 455–464 458

Article https://doi.org/10.1038/s41592-023-02162-w

be an optimal configuration and therefore opted for aptamer-based 
recruitment10. We thus introduced the Pseudomonas phage PP7 
aptamer11 into the tetraloop junction between the crRNA and the tracr-
RNA. We also fused the 5′–3′-exonuclease to the PP7 aptamer binding 
coat protein (PCP) together with an NLS (PP7:PCP-based recruitment; 
Fig. 3a). When coexpressing the PP7-tagged pegRNA and the PCP–
NLS–5′-Exo, a substantial sevenfold increase in efficacy compared 
with PE2 could be observed (P < 0.0001; one-way ANOVA all versus all 
excluding nontargeting controls; Bonferroni MCT; Fig. 3b), whereas, 
without exonuclease recruitment (using a pegRNA lacking the PP7 
aptamer), efficacy dropped to only twofold above PE2 level. By con-
trast, a direct fusion of the 5′–3′-DNA-exonuclease to the C-terminus of 
nCas9 (C-T5-Exo, last bars) barely improved the editing efficacy. Com-
pared with the PE3 strategy, the editing efficacy of Exo-PE was slightly 
lower (P = 0.0149) but with a higher editing precision (P = 0.0008; 
one-way ANOVA all versus all excluding non-targeting controls;  
Bonferroni MCT).

Subsequently, we refined the PP7 aptamer-tagged pegRNA for 
Exo-PE, and continued with PP7 v3 (Fig. 3a, right schematic), which 
showed a trend towards increased efficacy while maintaining improved 
precision (Fig. 3c). Additional modifications of iPE were shown to be 

beneficial in a previous study (a mutation in nCas9 (K918N) and a 
histone-like dsDNA binding protein (Sso7d) (iPEK918N,Sso7d, see sketch 
in Extended Data Fig. 3a))12,13, but were not consistently shown to be 
beneficial, and were therefore omitted them from subsequent experi-
ments. Other conditions such as the combination of Exo-PE with PE3 
(Exo-PE3) (Fig. 3c), catalytically inactive sgRNAs14 (dsgRNA; Extended 
Data Fig. 2d), ssDNA-binding domains (Pot1pC15) (Extended Data  
Fig. 3b), or replacement of phage-derived exonucleases with human 
exonucleases FEN1 and EXO1 (Fig. 3d) did not yield any additional 
benefit. More interestingly, the T5-like exonuclease from Klebsiella 
pneuomoniae siphophage Sugarland was nearly as effective for Exo-PE 
as T5 (80% homology of T5; Extended Data Fig. 3b) when tevopreQ1 
(Q1) was used to increase the steady-state concentration of full-length 
pegRNAs16 (P = 0.0221, ANOVA all versus iPE-NK918N (ref. 12) + T5 with 
Bonferroni MCT). By contrast, T7 exonuclease showed a decreased 
efficacy (P < 0.0001). Thus, we conclude that the best 5′-exonuclease 
for iPE used with the Exo-PE strategy remained the T5 phage exonucle-
ase C-terminally fused to PCP.

We also re-examined whether further optimization of the pegR-
NAs could improve Exo-PE performance even more. For our initial 
experiments, we already used an optimized sgRNA scaffold in which 

PCP

PP7 aptamer
PP7:PCP-based recruitment

a

b c d

C-terminal Cas9-fusion
5’-exo

T5-D15

EXO1

FEN1

PE2/3 PE2/3 Exo-PE Exo-PE3 PE2/3 Exo-PEExo-PEmutEJ
PE and mutEJ
PE
PE/mutEJ

mutEJ
PE and mutEJ
PE
PE/mutEJ

mutEJ
PE and mutEJ
PE
PE/mutEJ

iPE-N iPE-N+ + + + + + C-T5-Exo
– –

–
–

– – + – + –
NTC + + + PP7v1 PP7v3

PP7v1 +
– – + – – – –

PCP–Exo PCP–ExopegRNA pegRNA
pegRNA with PP7

sgRNA for PE3

iPE-N
PCP–Exo – – – T5 FEN1 EXO1

NTC + +
– – + – – –

pegRNA
sgRNA for PE3

Trans/cis

NTC
–

–
–

+
–

–
+50t

+
v1
–

–
v2
–

–
v3
–

–
v4
–

–
v1

+30t

–
v1

+50t

–
v1

+69t

–
v1

–49t

–
v1

–93t

–
v1

+28c

–
v1

+43c

–
v1

–42c

–sgRNA for PE3

*** ****

NSNS

*

****

4

3

2

Pe
rc

en
ta

ge
 o

f c
el

ls
 u

nd
er

w
en

t m
ut

EJ
,

PE
 o

r b
ot

h

Pe
rc

en
ta

ge
 o

f c
el

ls
 u

nd
er

w
en

t m
ut

EJ
,

PE
 o

r b
ot

h

Pe
rc

en
ta

ge
 o

f c
el

ls
 u

nd
er

w
en

t m
ut

EJ
,

PE
 o

r b
ot

hPE/m
utEJ

PE/m
utEJ

PE/m
utEJ

1

0

12

10

8

6

4

2

0

12

10

8

6

4

2

0

10

8

6

4

2

0

10

8

6

4

2

0

12

10

8

6

4

2

0

RT
H

RuvC 5’-end
degradation

C-mScarlet

pegRNA

PP7 v1

PP7 v2

PP7 v3

PP7 v4

Fig. 3 | Development of an Exo-PE strategy using eTLR. a, Schematic of 
different Exo-PE designs varying in recruitment mechanism, choice of specific 
exonuclease, and version of the PP7 aptamer grafted into the pegRNA scaffold. 
b, Comparison between PE2, PE3 (white graph area) and 5c-DNA-exonuclease-
enhanced PE2 (Exo-PE, yellow graph area). Selected results of Bonferroni MCT 
after one-way ANOVA were shown for the fractional PE events and editing 
precision, and are indicated by asterisks; *P < 0.05, ***P < 0.001, ****P < 0.0001. 
Bars, mean ± s.d. (n = 3 biological replicates). c, Effects of different PP7/pegRNA 
scaffold designs (shown in a and the impact of an additional up- or downstream 

cis- or trans-acting nicking sgRNA on the efficacy and precision of Exo-PE. Bars, 
mean ± s.d. (n = 3 biological replicates). d, Alternative PCP fusions with human-
derived 5′-DNA-exonucleases/flap endonucleases domains from FEN1 and EXO1 
without their native C-terminal interaction peptides were tested as an alternative 
to the bacteriophage 5′-DNA-exonuclease/flap endonuclease. Selected results of 
Bonferroni MCT after one-way ANOVA were shown for the fractional PE events, 
and are indicated by asterisks; NS P > 0.05, ****P < 0.0001. Bars, mean ± s.d. (n = 3 
biological replicates).

http://www.nature.com/naturemethods


Nature Methods | Volume 21 | March 2024 | 455–464 459

Article https://doi.org/10.1038/s41592-023-02162-w

we removed the polyT/U-stretch and introduced either an RNA 
folding nucleation site via an extended neutral hairpin17 or the PP7 
aptamer hairpin to improve RNA folding. Removing the 3′-tRNA from 
the pegRNA (which cleaves off the 3′-uridine stretch via endogenous 
RNAse P/Z) led to a strong decrease in efficacy in PE3 (iPE-NK918N-Sso7d; 
all 3′-modified pegRNA versus 3′-unmodified pegRNA; P = 0.0001; 
one-way ANOVA with Bonferroni MCT; Extended Data Fig. 3a,c), prob-
ably due to RNA destabilization18. Similarly, removing the 3′-uridines 
by HDV ribozymes was almost as effective (P = 0.0412) as tRNAs. How-
ever, prolonging the pegRNA half-life by adding the 3′-pseudoknot 
tevopreQ1 (ref. 16), which we had also already used in previous experi-
ments, was more effective than removing the destabilizing terminal 
U-stretch (P < 0.0001). The minimal pseudoknot (mpknot) from the 
same study16 as tevopreQ1 was not effective (P > 0.9999; Extended Data 
Fig. 3c), while other pseudoknots (BWYV, PEMV) or hairpin structures 
were similarly effective as tevopreQ1 in Exo-PE (all versus tevopreQ1; 
P = 0.1736 and P > 0.9999 for BWVV and PEMV, respectively; one-way 
ANOVA with Bonferroni MCT; Extended Data Fig. 3d).

The best editing efficacy for iPE on eTLR was thus obtained with a 
pegRNA containing a PP7v3 aptamer and tevopreQ1 (7v3/Q1), resulting in 
a ~50-fold better efficacy than the original editor1 for PE3 and ~30-fold 
better efficacy for Exo-PE (all versus all; P < 0.0001; one-way ANOVA 
with Bonferroni MCT; Extended Data Fig. 3e). Compared with the opti-
mized PE enzyme, termed PEmax2, iPEK918N-Sso7d had a 50% higher effi-
cacy while maintaining the same editing precision in PE3 (P < 0.0001; 
Extended Data Fig. 3e). iPEK918N in Exo-PE was as effective as PEmax in 
PE3 (P = 0.1620), but with higher editing precision (P = 0.0019).

Benchmarking of Exo-PE against PE2
After extensive optimization of the prime editor complex using the 
eTLR reporter, we derived an optimal configuration (Fig. 4a) and 
validated its performance with the Exo-PE strategy against standard 
PE strategies at established reference sites in the HEK293T genome16 
(Figs. 4–6).

We hypothesized that Exo-PE would be particularly advantageous 
for challenging larger insertions and therefore selected a 30-base 
pair (bp) stretch encoding a Flag-tag and a 54-bp flippase recognition 
target (FRT) site as the insertions. Editing efficacy and precision were 
determined from amplicon sequencing data, with efficacy given as 
the total percentage of correct edits and precision calculated as the 
percentage of correct edits versus all edits.

Please note that the HEK3 locus in HEK293T contains a monoallelic 
SNP 9 bp downstream of the HEK3 editing site in the flap incorporation 
area. For the VEGFA locus, we had constructed a similar case in which 
complete PE introduced an additional substitution 5 bp downstream of 
the insertion site (Fig. 4b). Both outcomes (insertion with and without 
the additional substitution) were registered separately as correct edits 
(Figs. 4c,d and 5, blue and light blue bars) and subsequently aggregated.

We first compared Exo-PE with PE2 (Fig. 4c), which is the most 
direct benchmark as it also requires only a single pegRNA and no addi-
tional nicking sgRNA (required for PE3) or second pegRNA (used in 
paired PE). For editing efficacy, a three-way ANOVA reported significant 

effects for PE strategy (F = 1,538.637, P < 0.0001), locus (F = 265.677, 
P < 0.0001), and iPE-N/C (F = 14.545, P = 0.0005), as well as an interac-
tion for locus and PE strategy (F = 193.464, P < 0.0001). Since the factor 
iPE-N/C and its interactions explained less than 2% of the variance, we 
averaged over this factor to conduct Bonferroni MCT for Exo-PE versus 
PE2 at each locus, showing that Exo-PE significantly increased editing 
efficacy for the 30-bp Flag insertion over PE2 in all tested loci except 
RNF2 (Fig. 4c and see full statistical results in Supplementary Table 1), 
corresponding to a mean increase of 14.4 percentage points averaged 
across loci and iPE-N/C.

For editing precision, an analogous analysis revealed that Exo-PE 
over PE2 achieved an at least equal precision for all loci except RUNX1 
(Bonferroni MCT from a three-way ANOVA with effects for PE strat-
egy (F = 32.712, P < 0.0001), locus (F = 5.182, P = 0.0087) and iPE-N/C 
(F = 6.665, P = 0.0164; Fig. 4c).

We also tested Exo-PE against PE2 for the insertion of a 54-bp 
sequence containing an FRT site (Fig. 4d) and found an average increase 
(over loci and iPE-N/C) in editing efficacy of 9.96 percentage points 
(three-way ANOVA with effects for PE strategy (F = 511.47, P < 0.0001), 
locus (F = 288.548, P < 0.0001), iPE-N/C (F = 12.5, P = 0.0017) and a 
PE strategy/locus interaction (F = 156.780, P < 0.0001)). The editing 
efficacies for FRT and Flag insertion were correlated for Exo-PE and 
lower for FRT (Fig. 4e).

We then repeated the experiment with identical conditions in HeLa 
cells and again found an improved, or on par, editing efficacy of Exo-PE 
compared with PE2 for Flag and FRT insertions for all loci (three-way 
ANOVA with Bonferroni MCT; Extended Data Fig. 4a,b). The editing 
efficacy from HeLa cells was correlated to that in HEK293T cells, but 
was generally lower, causing higher variance for FRT insertion data 
(Extended Data Fig. 4c).

We also examined off-target activity of Exo-PE compared with 
PE2 for four known Cas9 off-targets of the HEK3 locus19. Although no 
off-target activity was detected for most loci, the most commonly 
affected HEK3 off-target site (‘OT1’), with a perfectly matching PBS of 
the pegRNA, displayed an increased number of editing events when 
Exo-PE was used (Supplementary Table 2).

Comparison of Exo-PE with PE4
We also assessed the effect of MMR inhibition via the coexpression 
of dominant-negative MLH1 (MLH1dn), which was recently shown to 
improve PE2 efficacy and precision for small edits without secondary 
nicking sgRNAs.

Similarly, Exo-PE displayed improved editing efficacy compared 
with PE4 (mean difference across loci and iPE-N/C was 12.55 percent-
age points, from a three-way ANOVA identifying main effects for PE 
strategy (F = 438.402, P < 0.0001), locus (F = 499.14, P < 0.0001), 
iPE-N/C (F = 17.035, P < 0.0001) and an interaction of PE strategy/locus 
(F = 49.917, P < 0.0001); Fig. 5).

Exo-PE4 (a combination of Exo-PE and PE4) did not seem to provide 
an additional increase in efficacy over Exo-PE. The effect of iPE-C/N, 
while significant for efficacy, was small and accounted for only 0.42% 
of the total variation.

Fig. 4 | Editing efficacy and precision of Exo-PE benchmarked against PE2 for 
two different insertions in multiple loci. a, Schematic of the final prime editor 
system for the Exo-PE strategy, composed of an iPE combined with an engineered 
pegRNA bearing a PP7 aptamer to recruit a T5 phage 5′–3′-DNA-exonuclease 
C-terminally fused to PCP to facilitate the integration of the de novo synthesized 
3′ flap carrying the desired edit. b, HEK293T contains a heterozygous SNP 9 bp 
downstream of the insertion site in the HEK3 locus. For VEGFA, an additional 
substitution of 5 bp downstream of the insertion site was also included in the 
pegRNA design. Both SNP and substitution increase the effective insertion  
size while narrowing the extent of the homology region of the pegRNA.  
c,d, Editing efficacy (correct edits) and precision were determined for two 
insertion types, Flag (c) and FRT (d), for iPE-N (N) and iPE-C (C) with either the 

PE2 or the Exo-PE editing strategy in HEK293T cells by amplicon sequencing. 
Precision was calculated as the proportion of correctly edited reads within all 
altered (nonwild-type) reads. Correct editing outcomes merely lacking the 
additional substitution as shown in b were registered separately as correct 
edits (light blue). Selected results of Bonferroni MCT averaged over iPE-N/C 
after three-way ANOVA (locus, PE strategy, iPE-N/C) for editing efficacy 
(results reported in the text) are indicated by asterisks; NS P > 0.05, *P < 0.05, 
****P < 0.0001. Bars, mean ± s.d. (n = 3 biological replicates). e, Replotting of 
the editing efficacies shown in c and d for FRT against Flag insertions for the 
loci DNMT1, RNF2 and VEGFA. A linear regression is shown for Exo-PE (Pearson 
r = 0.9244, P = 0.0084) with 0.95 confidence bands shown in dashed lines. See 
Supplementary Table 1 for complete statistical results.
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Again, Exo-PE exhibited a similar editing precision to that of PE2/
PE4, with overall levels at ~90% for all loci except RUNX1 (Fig. 5). Detailed 
analysis of RUNX1 editing outcomes revealed a propensity for a specific 
thymidine insertion in all conditions, as well as a (partial) duplication 
of the pegRNA homology region at the insertion site only in Exo-PE 
conditions (Extended Data Fig. 5). The duplication effect also occurred 

occasionally at other loci, but for both Exo-PE and PE2 and at very low 
frequencies (<0.2%). In this context, we also evaluated cell viability and 
proliferation and found a slight reduction of the bioluminescent signal 
in a commercial assay for Exo-PE and PE4 at times, indicating that both 
editing strategies can lead to a slight reduction of the proliferation rate 
during transient expression (Extended Data Fig. 6).
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In addition, we examined the performance of Exo-PE at genomic 
sites associated with diseases such as prion disease20 and CDKL5 
deficiency disorder21 for both the 30-bp insertion (Extended Data  
Fig. 7a) and therapeutically relevant substitutions (Extended Data  
Fig. 7b). Compared to PE2, Exo-PE again increased efficacy for inser-
tions (three-way ANOVA with Bonferroni MCT) but not for substitu-
tions, consistent with previous observations for the respective edit 
types at other loci.

Exo-PE for protein tagging via fluorescence complementation
We next sought to use Exo-PE for a practical application in biomedical 
research, inspired by a large-scale in-situ protein tagging study22. We 
designed pegRNAs to extend the endogenous locus with sequences 
coding for the 11 amino acids of a split fluorescent protein, namely 
monomeric mNeonGreen2 (mNG2)23. A HEK293T cell line containing 
the stably integrated split-mNG2(1–10) was subjected to PE for inserting 
the missing mNG2(11) peptide at the N or C terminus of functionally 
expressed genes. Fluorescence complementation consequently indi-
cates the successful insertion of the peptide without compromising 
the expression of the tagged gene (Extended Data Fig. 8a). We observed 
a main effect of Exo-PE across the first panel of loci (two-way ANOVA, 
Exo-PE/PE2, locus; F (1, 28) = 40.35, P < 0.0001; Extended Data Fig. 8b). 
We also targeted two additional loci (GAPDH and ENO1-N, Extended Data 
Fig. 8c) and again found that Exo-PE had a greater editing efficacy than 
PE2 (P = 0.0349 for both loci, Bonferroni MCT), while PE3 also showed 
substantial efficacy.

Comparison of Exo-PE with PE3 and PE5
We then extended the comparison with PE3 and PE5, both of which 
require a secondary nick, for the 30-bp Flag insertion in an additional 

set of loci. We again selected the reference loci tested in ref. 2, so that 
we could use the identical nicking sites (Fig. 6).

As before, Exo-PE demonstrated superior editing efficacy for 
the insertions across loci, with precision also being similar or bet-
ter in all cases (Bonferroni MCT based on a three-way ANOVA with 
significant main effects for PE strategy (F = 1135.566, P < 0.0001), 
locus (F = 262.932, P < 0.0001) and the interaction of both factors 
(F = 39.102, P < 0.0001); Fig. 6). However, both PE3 and PE5 showed a 
substantial reduction in mean editing precision across loci and iPE-N/
iPE-C by 66.4 and 63.2 percentage points, respectively, compared 
with Exo-PE. Closer investigation revealed that both strategies suf-
fered from a large proportion of indels occurring between the two 
nicking sites, even when the insertion was incorporated successfully 
(Extended Data Fig. 9).

When we subsequently evaluated Exo-PE performance on 
single-base substitutions at the same endogenous sites, no improve-
ments in efficacy were found over PE2, while PE4 resulted in a mean 
increase across loci and iPE-N/C of 5.485 percentage points (based on 
a three-way ANOVA identifying main effects for PE strategy (F = 34.091, 
P < 0.0001), locus (F = 499.217, P < 0.0001), iPE-N/C (F = 11.273, 
P = 0.001), and an interaction of PE strategy/locus (F = 31.973, 
P < 0.0001); Extended Data Figs. 7b and 10a,b). The average precision 
of PE3 and PE5 across loci and iPE-N/C was much higher (53.4% and 
60.5%) on substitution-type edits (Extended Data Fig. 10a) than for 
mid-size insertions (5.3% and 8.7%), respectively (Fig. 6).

In summary, we found that Exo-PE to exhibited a significantly 
higher, or at least equal editing efficacy against PE2, PE4 (PE2 with 
MMR inhibition), and dual-nick strategy without (PE3) and with MMR 
inhibition (PE5) in each of the independent benchmarking experiments 
(Figs. 4–6 and see full statistical results in Supplementary Table 1).
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Fig. 5 | Benchmarking of the Exo-PE strategy for 30-bp insertions against PE4. 
Editing efficacy (correct edits) and precision (correct edits divided by all altered 
(nonwild-type) reads) were determined from amplicon sequencing. PE4 refers to 
PE2 + MLH1dn to inhibit MMR, Exo-PE4 refers to Exo-PE + MLH1dn. Each strategy 
was evaluated using both iPE-N and iPE-C. HEK293T contains a heterozygous SNP 
9 bp downstream of the insertion site in the HEK3 locus; for VEGFA, an additional 

substitution 5 bp downstream of the insertion site was included in the pegRNA 
design (Fig. 4b). Selected results of Bonferroni MCT averaged over iPE-N/C (after 
three-way ANOVA with results reported in the text) are indicated by asterisks; NS 
P > 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Bars, mean ± s.d. (n = 3 biological 
replicates, except for HEK3 C-PE2, N-PE4 and C-Exo-PE4 where n = 2).
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Over all 11 loci in which Exo-PE was compared directly against 
PE2 for Flag insertions in HEK293T cells, Exo-PE showed a significant 
increase in efficacy in 9 out of 11 loci with an average difference across 
loci and iPE-N/C of 14.2 percentage points (Supplementary Fig. 1) 
based on a three-way ANOVA with factors PE strategy (F = 1,079.564, 
P < 0.0001), locus (F = 167.58, P < 0.0001) and iPE-N/C (F = 20.203, 
P < 0.0001), with the latter factor accounting for only 0.59% of the total 
variation. We also observed an interaction of Locus/Strategy (F = 46.9, 
P < 0.0001, 13.69% of total variation) driven by the RNF2 locus, for which 
Exo-PE did not show an increased efficacy (full statistical results in 
Supplementary Table 1). Except for the RUNX1 locus (Extended Data 
Fig. 5), Exo-PE displayed similar or slightly increased precision at all 
nine loci where it significantly increased efficacy.

Discussion
We demonstrated that we could iteratively achieve substantial improve-
ments in the PE machinery using an improved reporter system (eTLR) 
which, in contrast to previous versions4, indicates all mutagenic indel 
events. eTLR allowed us to rapidly identify an improved PE with opti-
mized codons and linkers, including a potent superNLS (iPE-C/N), 
which, combined with engineered pegRNAs protected by (t)evopreQ1 
(ref. 16), offered the best alternative to PEmax.

We then tackled the flap competition as a central bottleneck for 
PE efficacy, especially for larger insertions, by recruiting a 5′–3′ exo-
nuclease to iPE via aptamer-mediated recruitment to create space for 
the invasion of the reverse-transcribed 3′ flap. Exo-PE was then vali-
dated on several endogenous loci and showed a substantial improve-
ment in editing efficacy for 30–57-bp insertions (Flag, FRT sites, split 
C-mNeonGreen) in several cell lines when benchmarked against the 
standard techniques PE2, PE3, PE4 and PE5. Exo-PE improved editing 

efficacy without compromising editing precision compared with PE2 
and PE4. Although iPE-C displayed a slightly better performance than 
iPE-N for many loci, it may be beneficial to test both variants for a 
specific target locus.

The preserved editing precision of Exo-PE is particularly valu-
able when contrasted with the dual-nicking strategy PE3, which 
displayed substantially increased indel rates for the insertion-type 
edits. An increased indel frequency was reported previously for 
larger insertions24, while smaller substitutions and insertions gener-
ated with PE3 resulted in only a minor increase in indel frequency in 
most cases1. In general, single-nick techniques such as PE2/PE4 and 
base editing hold a key advantage over DSB-induced HDR-dependent 
CRISPR editing techniques in that staggered DSBs can be avoided. 
While Exo-PE inherits this safety feature from PE2 and thus maintains 
high editing precision, it is conceivable that two nicking sites used 
in PE3 (and paired PE strategies) could generate a staggered DSB 
break leading to increased editing errors. Furthermore, nicking 
at the secondary site in PE3 is likely to occur even after success-
ful editing as long as the PE machinery is expressed, which may  
(or needs to) be the case for a prolonged period of time, for example, 
after virus-mediated gene delivery. Nonetheless, if increased edit-
ing efficacy is the primary objective in a given experimental setting 
where indels can be tolerated, PE3 could be highly effective also for 
longer insertions.

It is conceivable that the flap competition contributes to an appar-
ent specificity for on-target versus off-target effects. Since this com-
petition is mitigated by Exo-PE, it might explain the increased editing 
versus PE2 on the main OT1 for the HEK3 locus, for which the PBS of the 
reference pegRNA24 provides a perfect match. It may thus be important 
when using Exo-PE to ensure that the PBS does not perfectly match 
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other sites to maintain the specificity benefit of each hybridization 
event before flap binding24.

MMR inhibition via PE4/PE5 did not provide any benefit when 
inserting large sequences such as a Flag-tag, most likely as a con-
sequence of ≥14-bp insertions not being recognized by the MMR 
pathway, a PE-inhibiting process22,25. We also observed that either 
exonuclease or MLHdn expression could transiently lead to a mild 
reduction in proliferation. While this did not affect the quality of our 
experiments, one could reduce the amount of exonuclease in situations 
where viability is a major concern, or even invest in a split-exonuclease  
recruitment approach.

In contrast to the improvements in editing efficacy for insertions, 
we did not observe a similar benefit of Exo-PE for short substitutions, 
although it occasionally outperformed PE4 at certain loci. In our experi-
ments, we also did not find PE4 to be substantially more effective 
than PE2, as reported in the initial publication2. This may be due to 
differences in the pegRNA/nicking sgRNA scaffold compared to the 
literature26,27 and the lower amount of MLH1dn plasmid (~33% less) we 
used to keep the concentration of other genetic components constant.

With PE-mediated insertions gaining increasing interest25, Exo-PE 
thus provides a complementary strategy to PE4, with Exo-PE showing 
superior performance for larger edits and PE4 for smaller edits. Exo-PE 
may therefore be particularly useful for applications in basic research 
or biological engineering, where the addition of epitopes, affinity 
handles or degradation motifs may be of interest. During the revision 
of this manuscript, a study in plants showed an improvement in the 
efficacy of PE2 by adding a T5 exonuclease to the PE editor, but only 
when fused to the N terminus of nCas9 and not when they attempted 
to recruit it via a tandem insertion of MS2/F6 aptamers28.

For larger insertions, we showed that the editing efficacy of Exo-PE 
can approach or even exceed that of PE3, while maintaining the superior 
precision of PE2. The Exo-PE approach may thus be attractive in cases 
where PE3 or paired PE are not feasible, for instance, if a high editing 
precision is desired, in the absence of a second suitable proximal PAM 
or in other organisms in which PE3 did not lead to enhanced editing 
efficacy29. The lack of a second nick also considerably reduces the 
combinatorial complexities for pegRNA optimization.

In the future, it will be interesting to directly benchmark Exo-PE 
against the many different variants of paired PE strategies, which have 
been shown to enable substantially longer insertions than Exo-PE, 
although these methods necessitate a careful optimization of the 
paired pegRNAs for specific loci3. Exo-PE may also catalyze those paired 
pegRNA approaches by degrading the endogenous 5′-intermediates, 
but active flap degradation could also abolish the target site for 
the paired pegRNA. As shown by the increased efficacy for insert-
ing the FRT site, Exo-PE may also be beneficial for combining PE with 
recombinase-dependent insertions of longer DNA stretches30.

Given the complex orchestration of multiple processes required 
for PE, Exo-PE adds an effective functionality to the PE machinery, 
which can further advanc the versatility of this powerful gene-editing 
technology.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41592-023-02162-w.

References
1. Anzalone, A. V. et al. Search-and-replace genome editing without 

double-strand breaks or donor DNA. Nature 576, 149–157 (2019).
2. Chen, P. J. et al. Enhanced prime editing systems by manipulating 

cellular determinants of editing outcomes. Cell 184, 5635–5652.
e29 (2021).

3. Choi, J. et al. Precise genomic deletions using paired prime 
editing. Nat. Biotechnol. 40, 218–226 (2022).

4. Certo, M. T. et al. Tracking genome engineering outcome at 
individual DNA breakpoints. Nat. Methods 8, 671–676 (2011).

5. Yeh, J. T.-H., Nam, K., Yeh, J. T.-H. & Perrimon, N. eUnaG: a new 
ligand-inducible fluorescent reporter to detect drug transporter 
activity in live cells. Sci. Rep. 7, 41619 (2017).

6. Hebsgaard, S. M. et al. Splice site prediction in Arabidopsis 
thaliana pre-mRNA by combining local and global sequence 
information. Nucleic Acids Res. 24, 3439–3452 (1996).

7. Spencer, J. M. & Zhang, X. Deep mutational scanning of S. 
pyogenes Cas9 reveals important functional domains. Sci. Rep. 7, 
16836 (2017).

8. Garforth, S. J. & Sayers, J. R. Structure-specific DNA binding by 
bacteriophage T5 5′–>3′ exonuclease. Nucleic Acids Res. 25, 
3801–3807 (1997).

9. Garforth, S. J., Ceska, T. A., Suck, D. & Sayers, J. R. Mutagenesis of 
conserved lysine residues in bacteriophage T5 5′–3′ exonuclease 
suggests separate mechanisms of endo-and exonucleolytic 
cleavage. Proc. Natl Acad. Sci. USA 96, 38–43 (1999).

10. Konermann, S. et al. Genome-scale transcriptional activation  
by an engineered CRISPR–Cas9 complex. Nature 517,  
583–588 (2014).

11. Lim, F. & Peabody, D. S. RNA recognition site of PP7 coat protein. 
Nucleic Acids Res. 30, 4138–4144 (2002).

12. Hand, T. H. et al. Catalytically enhanced Cas9 through directed 
protein evolution. CRISPR J. 4, 223–232 (2021).

13. Choli, T., Henning, P., Wittmann-Liebold, B. & Reinhardt, 
R. Isolation, characterization and microsequence analysis 
of a small basic methylated DNA-binding protein from the 
Archaebacterium, Sulfolobus solfataricus. Biochim. Biophys. Acta 
950, 193–203 (1988).

14. Park, S.-J. et al. Targeted mutagenesis in mouse cells and 
embryos using an enhanced prime editor. Genome Biol. 22,  
170 (2021).

15. Dickey, T. H., McKercher, M. A. & Wuttke, D. S. Nonspecific 
recognition is achieved in Pot1pC through the use of multiple 
binding modes. Structure 21, 121–132 (2013).

16. Nelson, J. W. et al. Engineered pegRNAs improve prime editing 
efficiency.Nat. Biotechnol. 40, 402–410 (2022).

17. Gao, Z., Herrera-Carrillo, E. & Berkhout, B. Delineation of the exact 
transcription termination signal for type 3 polymerase III. Mol. 
Ther. Nucleic Acids 10, 36–44 (2018).

18. Menezes, M. R., Balzeau, J. & Hagan, J. P. 3′ RNA uridylation in 
epitranscriptomics, gene regulation, and disease. Front Mol. 
Biosci. 5, 61 (2018).

19. Tsai, S. Q. et al. GUIDE-seq enables genome-wide profiling of 
off-target cleavage by CRISPR-Cas nucleases. Nat. Biotechnol. 33, 
187–197 (2015).

20. Asante, E. A. et al. A naturally occurring variant of the human 
prion protein completely prevents prion disease. Nature 522, 
478–481 (2015).

21. Olson, H. E. et al. Cyclin-dependent kinase-like 5 deficiency 
disorder: clinical review. Pediatr. Neurol. 97, 18–25 (2019).

22. Cho, N. H. et al. OpenCell: endogenous tagging for the 
cartography of human cellular organization. Science 375, 
eabi6983 (2022).

23. Feng, S. et al. Improved split fluorescent proteins for endogenous 
protein labeling. Nat. Commun. 8, 370 (2017).

24. Anzalone, A. V. et al. Programmable deletion, replacement, 
integration and inversion of large DNA sequences with twin prime 
editing.Nat. Biotechnol. 40, 731–740 (2022).

25. Koeppel, J. et al. Prediction of prime editing insertion efficiencies 
using sequence features and DNA repair determinants.Nat. 
Biotechnol. 41, 1446–1456 (2023).

http://www.nature.com/naturemethods
https://doi.org/10.1038/s41592-023-02162-w


Nature Methods | Volume 21 | March 2024 | 455–464 464

Article https://doi.org/10.1038/s41592-023-02162-w

26. Chen, B. et al. Dynamic imaging of genomic loci in living human cells 
by an optimized CRISPR/Cas system. Cell 155, 1479–1491 (2013).

27. Dang, Y. et al. Optimizing sgRNA structure to improve CRISPR–
Cas9 knockout efficiency. Genome Biol. 16, 280 (2015).

28. Liang, Z., Wu, Y., Guo, Y. & Wei, S. Addition of the T5 exonuclease 
increases the prime editing efficiency in plants.J. Genet. 
Genomics 50, 582–588 (2023).

29. Scholefield, J. & Harrison, P. T. Prime editing—an update on the 
field. Gene Ther. 28, 396–401 (2021).

30. Yarnall, M. T. N. et al. Drag-and-drop genome insertion of 
large sequences without double-strand DNA cleavage using 
CRISPR-directed integrases.Nat. Biotechnol. 41, 500–512 (2023).

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons license, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons license and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2024

http://www.nature.com/naturemethods
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Nature Methods

Article https://doi.org/10.1038/s41592-023-02162-w

Methods
Molecular cloning
Genetic constructs. All pegRNAs used in this study (unless indi-
cated) contained a modified pegRNA scaffold containing modi-
fications from ref. 26 and ref. 27, to improve expression yield and 
a 3′-tRNA (M1–7 tRNA31) or an evopreQ1 (ref. 2) motif upstream of 
the 6× T-DNA-dependent RNA polymerase III termination signal. 
All pegRNA sequences used in this study are provided in Supple-
mentary Table 3. All amino acid sequences of coding components 
of iPE can also be found in Supplementary Table 3, as well as cor-
responding codon-optimized nucleotide sequences including the 
RT domain in which we removed a potential splice site. The expres-
sion constructs for iPE-N (214734), iPE-C (214735), PCP-Exo (214736), 
and the AAVS1-eTLR donor construct (214737) have been provided  
to Addgene.

Polymerase chain reaction. Single-stranded primer deoxyribonu-
cleotides (Integrated DNA Technologies) were resolubilized (100 µM) 
in nuclease-free water. A PCR reaction with plasmid and genomic DNA 
templates was performed with Platinum SuperFi II PCR Master Mix 
(Thermo Fisher Scientific) according to the manufacturer’s protocol. 
PCR reactions were purified by DNA agarose gel electrophoresis and 
subsequent DNA extraction using Monarch DNA Gel Extraction Kit 
(New England Biolabs (NEB)).

DNA digestion with restriction enzymes. DNA products were digested 
with restriction enzymes according to the manufacturer’s protocol 
(NEB) in 40 µl with 2–3 µg of plasmid DNA. Afterward, fragments 
were gel-purified by DNA agarose gel electrophoresis, and DNA was 
extracted using Monarch DNA Gel Extraction Kit (NEB).

Molecular cloning. Concentration of purified DNA was meas-
ured using a spectrophotometer (NanoDrop 1000, Thermo 
Fisher Scientific). For ligations with T4 DNA ligase (Quick Ligation  
Kit, NEB), 50–100 ng backbone DNA (DNA fragment containing 
the DNA replication origin) was used in 20-µl volume, with molar 
1:1–3 backbone:insert ratios, at room temperature for 5–10 min. 
Gibson assemblies were performed with ~75 ng backbone DNA and 
a molar 1:1–5 backbone:insert ratios in a 15-µl reaction volume, using 
NEBuilder HiFi DNA Assembly Master Mix (2×) (NEB) for 15–60 min 
at 50 °C.

DNA agarose gel electrophoresis. Agarose (Agarose Standard, Carl 
Roth) gels (1% (m/m)) were prepared in 1× Tris-acetate-EDTA buffer and 
1:10,000 SYBR Safe stain (Thermo Fisher Scientific). Gel electrophore-
sis was carried out for 20–40 min at 120 V. For size determination, the 
1-kb Plus DNA Ladder (NEB) was used. DNA samples were mixed before 
loading with Gel Loading Dye (Purple, 6×) (NEB).

Bacterial strains for molecular cloning. Chemically competent stable 
Escherichia coli cells (NEB) were used to propagate circular plasmid 
DNA. Carbenicillin (Carl Roth) was used for selection during plasmid 
amplification at a final concentration of 100 µg ml−1. All bacterial cul-
tures were prepared in Lysogeny Broth (LB) medium and on LB agar 
plates with carbenicillin (Carl Roth).

Bacterial transformations. Chemical transformation of E. coli was 
performed by mixing 1–5 µl of ligation or Gibson reaction with 50 µl 
thawed, chemically competent stable E. coli (NEB) and incubating on 
ice for 5–30 min. Cells were subsequently heat-shocked at 42 °C for 30 s, 
followed by a 5 min incubation on ice, and, finally, 950 µl SOC-medium 
(NEB) was added to the cell suspension. After outgrowth for 10–30 min 
at 37 °C, cells were plated on agar plates containing appropriate anti-
biotics, followed by overnight incubation at 37 °C or 48 h incubation 
at room temperature.

Plasmid purification and Sanger sequencing. E. coli colonies with 
correct potential constructs were inoculated from agar plates in 2 ml 
LB medium at 37 °C with the respective antibiotics and incubated for 
at least 6 h or overnight. Plasmid DNA was extracted with QIAprep 
Plasmid MiniSpin (Qiagen) according to the manufacturer’s protocol 
and sent for Sanger sequencing (GENEWIZ, Azenta Life Sciences). 
Sanger-sequencing-validated clones were inoculated into 100 ml LB 
medium containing the respective antibiotic selection agent and incu-
bated overnight at 37 °C. Plasmid DNA was extracted using the Plasmid 
Maxi Kit (Qiagen).

Genomic DNA isolation. At 72 h after transfection in 96-well format, 
genomic DNA was isolated with the Quick-DNA 96 Kit (Zymo Research) 
according to the manufacturer’s protocol, with an elution volume  
of 30 µl.

Amplicon PCR and purification. PCR was performed as described 
above using ~50 ng of gDNA and appropriate primers for each target. 
Amplicon lengths were designed to approach 250 bp for sequenc-
ing. PCR purification was performed using the DNA Clean and 
Concentrator-5 Kit (Zymo Research) according to the manufacturer’s 
protocol, with an elution volume of 30 µl. All primer sequences are 
provided in Supplementary Table 3.

Amplicon sequencing and analysis. Following an initial PCR on 
genomic DNA, a second outer PCR using barcoded primers was per-
formed. PCR products of each experiment were purified as described 
above, normalized and combined into a single tube. The mixture was 
gel-purified, normalized to 20 ng µl−1, and submitted for Amp-EZ 
sequencing (Azenta). The resulting fastq files containing paired reads 
were analyzed with Geneious via barcode separation and CRISPR edit-
ing analysis within the entire range covered by reads or at least the full 
sequence area between the genomic primer-binding sites.

Mammalian cell culture
Cell lines and maintenance. HEK293T (Sigma-Aldrich, catalog no. 
ECACC 12022001), HEK293 eTLR (originating from HEK293, catalog 
no. ECACC 85120602) and HeLa cells (catalog no. ECACC 93021013) 
were cultivated at 37 °C and 5% CO2 in an H2O-saturated atmosphere 
in Gibco Advanced DMEM (Thermo Fisher Scientific) with 10% FBS 
(Gibco, Thermo Fisher Scientific), GlutaMAX (Gibco, Thermo Fisher 
Scientific) and 100 µg ml−1 penicillin-streptomycin (Gibco, Thermo 
Fisher Scientific). Cells were passaged twice a week at 90% confluency 
by aspirating the medium, washing with DPBS (Gibco, Thermo Fisher 
Scientific), and detaching the cells with 2–3 ml of an Accutase solution 
(Gibco, Thermo Fisher Scientific) for 5–10 min at room temperature 
until a visible detachment of the cells was observed. Accutase was 
subsequently inactivated in 7.5 ml FBS-containing medium. Cells were 
then transferred into a new flask at an appropriate density for mainte-
nance or were counted and plated in multiwell plates for subsequent 
plasmid transfection.

Generation of eTLR reporter line. The HEK293 eTLR cell line, which 
reports all three frames after an NHEJ/MMEJ-mediated indel event, 
was created by cloning the reporter coding sequencer between a CAG 
promoter and a bovine growth hormone (bGH) polyadenylation (pA) 
signal. This CAG_eTLR_bGH-pA construct was again cloned into a vector 
containing homology arms for the first intron of the PPP1R12C gene 
(alias AAVS1) with 0.8 kbp for each homology arm. In addition, for 
selection, a puromycin N-acetyltransferase (PuroR) gene trap was cre-
ated by inserting a splice acceptor, the coding sequence for puromycin 
N-acetyltransferase and a bGH-pA between the CAG promoter and the 
5′-homology arm. This donor construct was provided to Addgene. To 
create a HEK293 cell line containing the eTLR reporter, HEK293 cells 
were cotransfected with this donor, a Cas9-NLS expression plasmid 
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and a gRNA plasmid (spacer sequence GGGGCCACTAGGGACAGGAT) 
24 h postseeding in a six-well plate (600,000 cells per 3 ml per well in a 
six-well plate) following the manufacturer’s protocol (X-tremeGENE HP, 
Roche). At 48 h after transfection, cells were selected for 2 weeks with 
0.5 µg ml−1 puromycin dihydrochloride (Gibco, Thermo Fisher Scien-
tific) in the presence of 0.5 µM AZD7648 (MedChemExpress, catalog 
no. HY-111783) (a DNA-PKcs inhibitor32) and a CAG-promoter-driven 
i53 (a 53BP1 inhibitor) to inhibit NHEJ and shift the DNA repair towards 
HDR33,34. The surviving polyclonal population carrying the eTLR system 
stably in the AAVS1 locus was monoclonalized using limiting dilution 
in 96-well plates. Clones were tested for the number of eTLR copies 
by transfecting the clones in a 48-well with a CRISPR–Cas9 plasmid 
against the eTLR system and a donor to repair the C-terminally trun-
cated mScarlet-I. Clones that showed mutually exclusive fluorescence 
(either red or green, but not green and red) contained one copy of the 
eTLR reporter. Clones that also showed green and red fluorescence in 
parallel had two copies of the eTLR system. We chose a clone contain-
ing two copies of the eTLR system to mimic the diploid nature of most 
autosomal genes.

Plasmid transfection into mammalian cells. Cells were transfected 
with X-tremeGENE HP (Roche) or jetOPTIMUS (Polyplus Transfec-
tion) according to the manufacturer’s protocol. Total DNA amounts 
were kept constant in all transient experiments to yield reproducible 
complex formation and comparable results. In 96-well plate experi-
ments, a total of 100 ng, 300 ng and 2.4 µg in total per well was used 
for 96-well, 48-well and 6-well plate transfections, respectively. The 
ratios of plasmid DNA were 1:1 for pegRNAs to prime editors and 
2:1 for pegRNAs to auxiliary components like exonucleases, nick-
ing gRNAs and MLHdn. Cells were plated 1 day before transfection 
(25,000 cells per well in 100 µl for 96-well plates; 75,000 cells per well 
in 500 µl for 48-well plates; 600,000 cells per well in 3 ml for 6-well 
plates). At 24 h after transfection, 100 µl fresh medium was added 
per well in a 96-well transfection and at 48 h after transfection 100 µl 
medium per well was removed and replaced with fresh medium in 
96-well transfections.

Small molecule manipulation of NHEJ. For modulation of NHEJ in 
the HEK293 eTLR line with NU7441 (MedChemExpress) or KU0060648 
(alias KU-57788, MedChemExpress), the compounds were added to the 
cells 24 h after transfection. Control cells received the same volume of 
DMSO. HEK293 eTLR cells were transfected in a 48-well plate with a plas-
mid harboring the indicated gene-editing constructs to analyze repair 
events. At 72 h after transfection, cells were detached with Accutase, 
pelleted (200 relative centrifugal force, 5 min), and resuspended in 
ice-cold 0.4% formalin for 10 min. Fixed cells were pelleted again (200 
relative centrifugal force, 5 min) and resuspended in ice-cold 200 µl 
DPBS for FACS analysis.

Viability assay. The viability of transfected cells was assessed 72 h 
after transfection before gDNA isolation using the RealTime-Glo 
MT Cell Viability Assay (Promega) according to the manufacturer’s 
instructions (endpoint method, sample volume 20 µl, incubation 
time 60 min). Luminescence was measured on the Centro LB 960 plate 
reader (Berthold Technologies) with 0.5-s acquisition time.

FACS analysis. FACS analysis was performed on the BD FACSaria II 
system (controlled with the BD FACSDiva Software (v.6.1.3, BD Bio-
sciences)). In brief, the main population of cells was gated first accord-
ing to their FSC-A and SSC-A. Second, single cells were gated using 
FSC-A and FSC-W. The final gate (red and green fluorescence) was used 
to determine the number of undergoing mutEJ or PE. The events in the 
red/green/red-green gate were normalized to the number of cells in 
the single-cell gate. See Supplementary Information for a depiction 
of the FACS gating strategy.

Statistics and reproducibility
Statistics were calculated as specified in each figure using R (ref. 35) 
(v.4.3.1 with the emmeans package36 to calculate multiple comparisons 
and marginal effects) and Prism (v.9, GraphPad). Mean and s.d. were 
calculated across biological replicates.

For experiments on eTLR, the precision was calculated as the ratio 
of PE/HDR events over mutEJ events. For next-generation sequencing 
experiments, precision was calculated as the proportion of correct edit-
ing events among all editing events (correct/(correct + error) × 100).

We did not use statistical analysis to determine sample size or to 
randomize the experiments, nor did we blind the investigators to the 
allocation of the experiments or their outcomes. Despite those limita-
tions, we made an effort to reduce any biases introduced during the 
sample preparation by using the use of master mixes and multichannel 
pipettes.

No data were excluded from the analyses except for some next- 
generation sequencing experiments (Fig. 5 and 6 and Extended Data 
Figs. 4, 7 and 10) for which certain replicates had to be excluded from cal-
culating the mean value due to obvious technical errors (no reads). For 
the HBB locus in Fig. 6, one replicate was lost during sample processing.

The comparison Exo-PE versus PE2 from Fig. 4c was reproduced 
independently several months later on the identical loci, as shown 
in Fig. 5. with highly correlated efficacies for both editing strategies 
(Pearson r(8) = 0.8646 and 0.915, P = 0.0012 and 0.0002, respectively; 
Supplementary Fig. 2). Tables of all statistical tests are provided in Sup-
plementary Table 1. While Bonferroni-corrected MCT of the three-way 
ANOVA was conducted with averaging over the weak factor iPE-N/C, 
test results from nonaveraged data are also provided in Supplemen-
tary Table 1.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
PDB-ID of shown SpCas9 structure (Fig. 2b) is https://doi.org/10.2210/ 
pdb6VPC/pdb. The plasmids for iPE-N, iPE-C, PCP-Exo and the 
AAVS1-eTLR donor construct are available via Addgene. Source data 
are provided with this paper.

References
31. Bogerd, H. P. et al. A mammalian herpesvirus uses noncanonical 

expression and processing mechanisms to generate viral 
microRNAs. Mol. Cell 37, 135–142 (2010).

32. Robert, F., Barbeau, M., Éthier, S., Dostie, J. & Pelletier, J. 
Pharmacological inhibition of DNA-PK stimulates Cas9-mediated 
genome editing. Genome Med. 7, 93 (2015).

33. Truong, D.-J. J. et al. Intron-encoded cistronic transcripts for 
minimally invasive monitoring of coding and non-coding RNAs. 
Nat. Cell Biol. 24, 1666–1676 (2022).

34. Truong, D.-J. J., Armbrust, N., Geilenkeuser, J. & Westmeyer, G. G. 
Generation of cell lines for the usage of intron-encoded scarless 
programmable extranuclear cistronic transcripts (INSPECT). 
Protocol Exchange https://doi.org/10.21203/rs.3.pex-2000/v1 (2023).

35. R Core Team. R: A Language and Environment for Statistical 
Computing (R Foundation for Statistical Computing, 2023).

36. Lenth, R. emmeans: Estimated Marginal Means, aka Least-Squares 
Means. R package version 1.8.8 (2023).

Acknowledgements
We thank R. Le Gleut and R. Meixner from the Core Facility Statistical 
Consulting at Helmholtz Munich as well as S. Haug from TUM for 
statistical consulting. We acknowledge support from the Federal 
Ministry of Education and Research (BMBF) and the Free State of 
Bavaria under the Excellence Strategy of the Federal Government 

http://www.nature.com/naturemethods
https://doi.org/10.2210/pdb6VPC/pdb
https://doi.org/10.2210/pdb6VPC/pdb
https://doi.org/10.21203/rs.3.pex-2000/v1


Nature Methods

Article https://doi.org/10.1038/s41592-023-02162-w

and the Länder through the ONE MUNICH project Munich Multiscale 
Biofabrication (to J.G. and G.G.W.). G.G.W. acknowledges support from 
the European Research Council (ERC-CoG 865710), G.G.W. and D.-J.J.T. 
acknowledge support from the European Innovation Council (EIC 
Pathfinder 101115574).

Author contributions
D.-J.J.T. conceived the study, designed all constructs, cogenerated 
all constructs, coconducted all cell and biochemical experiments, 
coanalyzed all data and generated all figures. J.G., S.V.W., J.C.H.W., N.A., 
E.M.H.B., T.H.S., A.S. and C.G. cogenerated all constructs, coconducted 
all cell and biochemical experiments and coanalyzed all data regarding 
PE. T.P. and M.Ž. coconducted cell and biochemical experiments 
to initially characterize the eTLR system. J.G. and S.V.W. conducted 
the editing experiments on endogenous loci and cogenerated the 
corresponding figures. D.-J.J.T., J.G., S.V.W., N.A. and G.G.W. designed the 
experiments. J.G, D.-J.J.T., S.V.W. and G.G.W. wrote the manuscript. D.-J.J.T. 
coordinated the experimental activities. G.G.W. supervised the research.

Funding
Open access funding provided by Helmholtz Zentrum München - 
Deutsches Forschungszentrum für Gesundheit und Umwelt (GmbH).

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at  
https://doi.org/10.1038/s41592-023-02162-w.

Supplementary information The online version  
contains supplementary material available at  
https://doi.org/10.1038/s41592-023-02162-w.

Correspondence and requests for materials should be addressed to 
Gil Gregor Westmeyer.

Peer review information Nature Methods thanks Hui Yang and the 
other, anonymous, reviewer(s) for their contribution to the peer review 
of this work. Peer reviewer reports are available. Primary Handling 
Editor: Madhura Mukhopadhyay, in collaboration with the Nature 
Methods team.

Reprints and permissions information is available at  
www.nature.com/reprints.

http://www.nature.com/naturemethods
https://doi.org/10.1038/s41592-023-02162-w
https://doi.org/10.1038/s41592-023-02162-w
https://doi.org/10.1038/s41592-023-02162-w
https://doi.org/10.1038/s41592-023-02162-w
http://www.nature.com/reprints


Nature Methods

Article https://doi.org/10.1038/s41592-023-02162-w

Extended Data Fig. 1 | Optimization and validation of the enhanced Traffic 
Light Reporter (eTLR). a, Depiction of possible ORFs inducing the functional 
translation of eUnaG in the prototype version of eTLR and incorporated 
mutations to remove these out-of-frame ATGs, resulting in the final version of 
eTLR. A prototype version of the eTLR system, which contains out-of-frame  
ATGs, was compared with the final version of the eTLR that does not have out-of-
frame ATGs, which may otherwise result in the cryptic translation from internal  
‘noisy’ transcription within the reporter’s coding sequences. b, Representative 
false-colored epifluorescence images from HEK293T cells two days after 

transfection with the indicated reporter constructs with non-targeting controls 
(ntc) or targeting sgRNA against the cotransfected reporter. Results shown 
were reproduced for a total of two times independently. c, Representative 
epifluorescence images from HEK293T cells, transfected with the eTLR reporter 
shown in a, but carrying a − 1, −2, and −3 nt deletion at the potential nick/DSB 
site to mimic the three possible eUnaG-T52S reading frames after an error-prone 
repair. Results shown were reproduced for a total of two times independently. 
d, Depiction of the eTLR reporter editing site for PE analysis with annotated 
nicking/cuttings sites of the used pegRNAs/sgRNAs in this study.
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Extended Data Fig. 2 | Screening for additional optimizations of the 
improved Prime Editor protein (iPE) architecture. a, Comparison of the 
performance in ‘PE2’ or ‘PE3’ of the best RT variant identified in b (N-terminal 
RT with RNAse H) with the original PE2 construct (see a, top construct) from 
the original study2. Two-tailed unpaired t-tests were shown on the fractional 
PE events; ***P < 0.001, ****P < 0.0001. Data are shown as the mean ± SD (n = 3, 
biological replicates). b, Effects of iPE-C (C) or iPE-N (N) fusions of nucleotide-
optimized versions of the hexamutant (x6) Moloney murine leukemia virus (MLV) 
reverse transcriptase with or without its RNAse H domain, analyzed by eTLR in 
HEK293. ntc: non-targeting control pegRNA; PE3: ‘PE3’ strategy. PE, mutEJ, and 
PE & mutEJ events (colored bars, left y-axis) and PE/mutEJ-ratio (gray bars, right 
y-axis). Selected results of Bonferroni MCT after one-way ANOVA were shown on 

the PE events and are indicated by asterisks; *P < 0.05, ***P < 0.001, ****P < 0.0001. 
Bars represent the mean ± SD (n = 3, biological replicates). c, Comparison of an 
N-terminal or C-terminal fusion variant of the MarathonRT reverse transcriptase 
(group II intron maturase) to Cas9 nickase (nCas9) on prime editing efficacy. In 
this case, a prototype variant of the reporter shown in Fig. 1 without UnaG was co-
transfected instead of genomically integratedused, in which PE recovers repairs 
the missing C-terminus (54 nt, 18 aa) of a reporter expressing a C-terminally 
truncated mScarlet-I, resulting in red fluorescence. Result of a two-tailed 
unpaired t-tests is shown for the PE events; ****P < 0.0001. Data represent the 
mean ± SD (n = 3, biological replicates). d, Effects of an additional proximal 
binding of a catalytically dead sgRNA (dsgRNAs) on ‘PE2’, ‘PE3’, and ‘Exo-PE’.  
Bars represent the mean ± SD (n = 3, biological replicates).
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Extended Data Fig. 3 | Screening for additional optimizations of the pegRNA 
architecture. a, Schematic depiction of various modifications made to the PE 
architecture such as different 3’ modifications of the pegRNA, mutations to the 
Cas9 enzyme (K918N), and addition of a dsDNA binding domain (Sso7d). We also 
compare a detailed depiction of the pegRNA from the original publication to 
the optimized pegRNA used in this study. b, An ssDNA binding domain (Pot1pC) 
was tested for its ability to enhance ‘Exo-PE’. Furthermore, T5-like 5’-3’-DNA-
exonuclease from Klebsiella pneumoniae Siphophage Sugarland as well as 
from Escherichia phage T7 was tested as an alternative 5’-3’-DNA-exonuclease/
flap endonuclease. For all subfigures, additional modifications (K918N and 
Sso7d) were utilized as described in the respective labels. Selected results of 
Bonferroni MCT after one-way ANOVA were shown for the fractional PE events, 
and are indicated by asterisks; n.s. P > 0.05, *P < 0.05, ****P < 0.0001. Data are 
given as the mean ± SD (n = 3, biological replicates). c, Comparison of different 
3’-modifications instead of the 3’-tRNA (t) with iPEK918N-Sso7d in ‘PE3’. Selected 
results of Bonferroni MCT after one-way ANOVA were shown for the fractional 

PE events, and are indicated by asterisks; *P < 0.05, ***P < 0.001, ****P < 0.0001. 
Bars represent the mean ± SD (n = 3, biological replicates). d, Comparison of 
additional 3’- secondary or tertiary motifs for 3’-stabilization to increase Exo-PE 
efficacy. Different secondary or tertiary RNA structures were tested for their 
ability to enhance Exo-PE:, M1-7 tRNA, evopreQ1 pseudoknot, g32 pseudoknot, 
BWYV-FL1 pseudoknot, PEMV pseudoknot, and a simple RNA stem-loop 
(hairpin). Selected results of Bonferroni MCT after one-way ANOVA were shown 
for the fractional PE events; n.s. P > 0.05. Bars represent the mean ± SD (n = 3, 
biological replicates). e, Comparison of the top-performing iPE versions (iPE 
alterations are depicted in the sketch) to the original editor complex (PE2)1 and 
the improved editor PEmax2 for the editing strategies ‘PE2’, ‘PE3’, and ‘Exo-PE’. 
iPE-N has a pegRNA harboring a PP7 aptamer (7v3) and 3’-tevopreQ116 motif (Q1). 
Selected results of Bonferroni MCT after one-way ANOVA are shown for the 
fractional PE events and editing precision and are indicated by asterisks; n.s. 
P > 0.05, **P < 0.01, ****P < 0.0001. Bars represent the mean ± SD (n = 3, biological 
replicates).
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Extended Data Fig. 4 | Editing efficacy and precision of ‘Exo-PE’ and ‘PE2’ 
for two different insertions in HeLa cells. a, b, Experimental conditions and 
analyses are analogous to HEK293T data in Fig. 4c,d. Efficacy in HeLa was lower 
than in HEK293T cells, resulting in a larger SD for editing precision. Selected 
results of Bonferroni MCT for efficacy averaged over iPE-N/C after three-way 
ANOVA (showing main effects for panel a: PE strategy (F = 32.762, P < 0.0001), 
locus (F = 46.97, P < 0.0001), (F = 9.085, P = 0.0045), and the PE strategy/locus 
interaction (F = 5.738, P = 0.001) and panel b: PE strategy (F = 13.665, P = 0.0011), 

locus (F = 25.373, P < 0.0001) and PE strategy/locus interaction (F = 7.46, 
P = 0.003)) are indicated by asterisks; n.s. P > 0.05, *P < 0.05, ***P < 0.001, 
****P < 0.0001. Bars represent mean ± SD (n = 3, biological replicates, except 
for HEK3 C-PE2 where n = 2). c, Replotting of all efficacy data points for FLAG 
insertion from this figure and Fig. 4c,d shows the correlations of editing 
performance between HEK293T and HeLa (P < 0.0001 for both editing 
strategies). Gray lines indicate the 0.95 confidence bands of the linear regression. 
Please see Supplementary Table 1 for complete statistical results.
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Extended Data Fig. 5 | Editing errors in the RUNX1 locus. All conditions 
featuring ‘Exo-PE’ (‘Exo-PE’, ‘Exo-PE4’) led to a (partial) duplication of the pegRNA 
homology region at the insertion site (yellow), as well as an increased insertion of 

a single T at the end of the homology region (red). The T insertion could be linked 
to additional homology (dotted lines) in the pegRNA scaffold. Bars represent the 
mean ± s.d (n = 3, biological replicates).
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Extended Data Fig. 6 | Evaluation of viable cell abundance upon ‘Exo-PE’ 
editing. The abundance of viable cells was determined with a bioluminescent 
assay based on the cellular conversion of a luciferase substrate (see methods). 
iPE-C was tested in either ‘PE2’, ‘PE4’, or ‘Exo-PE’ for different insertion and 
substitution edits of varying length in a, HEK293, or b, HEK293T. For ‘Exo-PE’, 
the amount of T5-Exonuclease added to the experimental setup was titrated 
(‘Exo-PE’ with ½ Exo, ¼ Exo). Relative light unit [RLU] values were normalized 
against the non-targeting control (NTC). Cell viability significantly decreased 

upon the addition of untargeted T5-exonuclease (NTC+Exo). In comparison, 
‘Exo-PE’ and ‘PE4’ showed a trend towards decreased RLU values compared to 
‘PE2’, which was, however, not consistently observed across the different loci and 
different amounts of ‘Exo-PE’. Selected results of Bonferroni MCT after a one-
way ANOVA for each edit type are indicated by asterisks; n.s. P > 0.05, *P < 0.05, 
**P < 0.01, ***P < 0.001. For the comparison of NTC vs. NTC+ 1x Exo, unpaired 
two-tailed t-tests were performed. Bars represent the mean ± s.d (n = 3, biological 
replicates).

http://www.nature.com/naturemethods


Nature Methods

Article https://doi.org/10.1038/s41592-023-02162-w

Extended Data Fig. 7 | Performance of ‘Exo-PE’ at additional genomic sites 
with biomedical relevance. a, Evaluation of ‘Exo-PE’ against the single-nick 
strategies ‘PE2’ and ‘PE4’ at disease-associated sites within the CDKL5 and 
PRNP gene for 30 bp FLAG insertions. Selected results of Bonferroni MCT for 
efficacy averaged over iPE-N/C after three-way ANOVA (showing main effects 
for PE strategy (F = 185,354, P < 0.0001), locus (F = 699.236, P < 0.0001), iPE-

N/C (F = 68.975, P < 0.0001), and the PE strategy/locus interaction (F = 70.895, 
P < 0.0001) are indicated by asterisks; ***P < 0.001, ****P < 0.0001. Bars represent 
the mean ± SD (n = 3, biological replicates, except for CDKL5 N-Exo-PE (FLAG 
insertion) where n = 2). b, Evaluation of ‘Exo-PE’ against the single-nick strategies 
‘PE2’ and ‘PE4’ for single-base therapeutic substitutions at the same genomic 
sites. Bars represent the mean ± SD (n = 3, biological replicates).
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Extended Data Fig. 8 | Insertion of a protein tag for bimolecular fluorescence 
complementation. a, Schematic showing the Insertion of 48-57 bp (depending 
on 3xGly linker) coding for 11 amino acids of the split mNeonGreen (C-mNG2) 
to the C- or N-terminus of a target of interest. Corresponding proteins can be 
fluorescently labeled by on-target complementation of the split mNG2(1-10) 
(N-mNG2) co-expressed in a respective reporter cell line (HEK293T N-mNG2). 
b,c, Nine loci were targeted (ENO1 was tagged either C- or N-terminally), and 

% of green cells was determined via FACS. b, ‘Exo-PE’ showed an overall higher 
editing efficacy (Two-way ANOVA, F (1, 28) = 40.35, P < 0.0001), selected results 
of Bonferroni MCT are shown as ****P < 0.0001. Bars represent the mean ± SD 
(n = 3, biological replicates). c, A direct comparison of iPE for the three editing 
strategies ‘PE2’, ‘PE3’, and ‘Exo-PE’ (PCP-Exo) was conducted. Selected results of 
Bonferroni MCT from a two-way ANOVA (locus, editing strategy) are shown as 
*P < 0.05. Bars represent the mean ± SD (n = 3, biological replicates).
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Extended Data Fig. 9 | Frequency of editing errors (InDel events) in editing 
strategies with a secondary nick (‘PE3’/’PE5’) for the 30 bp FLAG-tag 
insertion. Secondary nicks led to a substantial reduction in precision for 
insertion-type edits due to InDel events, which, depending on the target locus, 

often co-occurred with the incorporation of the intended edit (orange). The 
analysis is based on data shown in Fig. 6. Stacked bars represent the mean ± SD 
(n = 3, biological replicates, except HBB where n = 2).
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Extended Data Fig. 10 | Benchmarking of the ‘Exo-PE’ strategy for 
substitution edits. a, Substitutions on loci according to Fig. 4c. Nick positions  
of ngRNAs for ‘PE3’/’PE5’ strategies are indicated in brackets. b, Substitutions  

on two additional loci. Bars represent the mean ± SD (n = 3, biological  
replicates, except for EMX1 N-PE3, EMX1 N-PE5, EMX1 C-PE5 and FANCF  
C-Exo-PE where n = 2).
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Publication: Engineered nucleocytosolic vehicles for 
loading of programmable editors  
In this publication, we describe the development of ENVLPE, a virus-like particle technology 
with optimized properties to deliver gene editor ribonucleoproteins (RNPs) to target cells, with 
a particular focus on prime editing (PE). We realized that pegRNA stability and its effective 
concentration in the form of RNPs at the plasma membrane as the site of cargo recruitment is 
a critical bottleneck for packaging functional editor RNPs. By combining aptamer-based RNP 
recruitment with additional pegRNA stabilization and active shuttling of the pre-assembled 
RNP from the nucleus into the cytoplasm, a substantial increase in editing efficacy over 
competitor systems was achieved. At the same time, the modularity of the aptamer recruitment 
mechanism provides the opportunity to seamlessly switch between Cas effectors without any 
modifications to the editor protein, and also deliver mRNA transcripts with high efficacy. We 
show that ENVLPE matches or outperforms state-of-the-art competitor technologies in multiple 
editing modes, across various endogenous sites and cell types, and even in primary T cells 
and in vivo mouse models. We further assessed toxicity and off-target activity in comparison 
to the VLP competitor and found no significant increase for either. 
 
Enabled by the non-covalent recruitment mechanism, we further systematically removed 
structural and functional components of the gag polyprotein to generate a minimal vehicle 
(miniENVLPE) that retains functionality. The generated insights led to the development of an 
ENVLPE design principle, which could serve as a platform for the engineering of custom 
particles with non-viral origin. 
 
My contribution to this study entails the co-execution of all experiments, data visualization and 
manuscript writing together with my co-first author. More specifically, I co-developed the 
foundational VLP framework, led efforts for the initial RNP delivery experiments, the pegRNA 
stabilization module and the study on minimized vehicles. I further coordinated and supervised 
the benchmarking experiments on endogenous sites as well as the design and production of 
any material required for the in vivo and ex vivo studies carried out by our collaborators. 
 
Parts of this publication have also been described in the dissertation “Engineering of non-
invasive tools towards OMICs analysis of coding and non-coding gene expression” by co-first 
author Niklas Armbrust, submitted to Technical University Munich on March 31st, 2025. 
 
The article is published in Cell, licensed under a CC BY 4.0 license and available at 
https://doi.org/10.1016/j.cell.2025.03.015. 
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SUMMARY

Advanced gene editing methods have accelerated biomedical discovery and hold great therapeutic promise,
but safe and efficient delivery of gene editors remains challenging. In this study, we present a virus-like par-
ticle (VLP) system featuring nucleocytosolic shuttling vehicles that retrieve pre-assembled Cas-effectors via
aptamer-tagged guide RNAs. This approach ensures preferential loading of fully assembled editor ribonu-
cleoproteins (RNPs) and enhances the efficacy of prime editing, base editing, trans-activators, and nuclease
activity coupled to homology-directed repair in multiple immortalized, primary, stem cell, and stem-cell-
derived cell types. We also achieve additional protection of inherently unstable prime editing guide RNAs
(pegRNAs) by shielding the 30-exposed end with Csy4/Cas6f, further enhancing editing performance.
Furthermore, we identify a minimal set of packaging and budding modules that can serve as a platform for
bottom-up engineering of enveloped delivery vehicles. Notably, our system demonstrates superior per-
VLP editing efficiency in primary T lymphocytes and two mouse models of inherited retinal disease, high-
lighting its therapeutic potential.

INTRODUCTION

The rapid development of various gene editing technologies over
the past decade has revolutionized the field ofmolecular biology,
allowing the precisemanipulation of virtually any genewith single
nucleotide precision. In particular, the recent development of
base editors1–8 and prime editors,9 which mediate single-nucle-
otide conversions, deletions/insertions, or even whole gene in-
sertions,10,11 all without the need for mutagenic double-stranded
DNA breaks (DSBs), represents a substantial advance toward
genome editing. However, the efficient and safe delivery of these
editing complexes remains challenging.

Viral vectors, particularly adeno-associated viruses (AAVs),
are widely used for in vivo genome editing. Despite their safety
and efficacy, AAVs have limitations, such as constrained cargo
capacity, potential immunogenicity, and the risk of insertional
mutagenesis and unintended mutations at on- and off-target
sites due to their long persistence. Other viral vectors, including
lentiviruses commonly employed in chimeric antigen receptor
(CAR)-T cell therapies, integrate into the host genome, which
may raise safety concerns due to insertional mutagenesis
causing potential malignancy.12

Regardless of the delivery method, prolonged expression
of genome editors can increase the risk of off-target effects
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and immune responses. Therefore, there is a need for deliv-
ery systems that allow the cargo to persist only for a limited
duration, enough to execute the desired edit but short
enough to circumvent the harmful impacts of long-term
expression.
In this context, lipid nanoparticles (LNPs) have gained

attention as non-viral delivery vehicles for nucleic acids.12

However, they often have limited cell-type specificity and
require complex formulation and optimization for efficient
delivery.
In contrast, virus-like particle (VLP) systems offer several

advantages, including their capacity for pseudotyping,13–16

enabling modulation of cell or tissue tropism by exploiting the di-
versity of known viruses with different tropisms. This facilitates
the re-engineering of glycoproteins to target specific cell types
or tissues, further enhancing the versatility and applicability of
VLP systems. Importantly, VLP systems can package and deliver
genome editing complexes as ribonucleoproteins (RNPs)
without the risk of insertional mutagenesis or activation of the
host immune response due to viral components or persistent
transgene expression. Recent strategies rely on packaging the
RNP editor via the Cas component, primarily by direct fusion
to Gag,17–21 which requires complex design considerations
and optimization of the linker and the protease site depending
on the editor protein of choice to enable efficient obligatory pro-
teolytic cargo release.22

However, not only is a Cas9 apoenzyme less stable than a cor-
responding RNP complex,23 the half-life of single guide RNAs
(sgRNAs) is also orders of magnitude shorter than sgRNAs
embedded into RNP complexes.24–26 This characteristic leads
to the conclusion that prime editing guide RNAs (pegRNAs),
which carry a 30-extended region encoding the desired edit as

a reverse transcription template (RTT) followed by a primer
binding site (PBS), are particularly prone to exonucleolytic
degradation.27,28

We, therefore, opted for a recruitment mechanism based on
RNA aptamers grafted onto (pe)gRNAs29,30 to increase the likeli-
hood of packaging functional RNPs. We further reasoned
that such a VLP system could substantially benefit from the
active transport of (pe)gRNAs from the nucleus to the cytosol,
as (pe)gRNAs do not naturally reside in the cytosol where VLP
cargo packaging occurs.
Thus, we have developed an optimized VLP system based on

nucleocytosolic-shuttling vehicles that can load a Cas9 editor of
choice via the (pe)gRNA, further stabilized by a dedicated 30 pro-
tection mechanism. This design increases the fraction of func-
tional RNP editors, which can be released in the target cell
without proteolytic processing. We characterize the function of
the individual features of this genetically engineered VLP-pack-
aging system, whichwe call engineered nucleocytosolic vehicles
for loading of programmable editors (ENVLPE). We benchmark
ENVLPE’s performance and demonstrate its utility in ex vivo
and in vivo applications.

RESULTS

Gag-PCPshuttlingenables efficient loading of (pe)gRNAs
To achieve packaging of the RNP editors via aptamer-tagged
(pe)gRNAs, we inactivated the first zinc finger (ZF1) motif and
installed the PP7 coat protein (PCP)31 in lieu of the second zinc
finger (ZF2) motif within the nucleocapsid (NC) domain of the
HIV-1 Gag polyprotein (Figure 1A). We then introduced L21S
into the matrix (MA) domain, which has been shown to enhance
membrane trafficking,32 as modifications within the NC domains

Figure 1. Development of nucleocytosolic shuttling vehicles to package editor-RNPs
(A) The top schematic diagram shows HIV-1-derived Gag-PolD64V, a lentiviral packaging vector encoding Gag (matrix [MA], capsid [CA], nucleocapsid [NC], and

p6 domain), and the alternative reading frame encoding the enzymatic components, such as protease (PR), reverse transcriptase (RT), and an inactivated in-

tegrase (INTD64V) as reference. The initial ENLVPE design is based on a codon-optimized Gag with L21S, which improves membrane-targeting, combined with

the grafting of a PP7 coat protein (PCP) into the second zinc-finger motif within the NC domain to enable binding to PP7-aptamer-tagged guide RNAs. The first

zinc-finger motif was inactivated by C>S mutations. The bottom illustration shows the additional insertions of a concatenation of nuclear localization (NLS) and

export sequences (NES) to facilitate Gag shuttling between the nucleus and cytosol.

(B) Schematic of the RNP-packaging and buddingmechanism. In the nucleus (gray shading), co-expression of PP7-aptamer-tagged (pe)gRNAs andCas9with an

NLS (Cas9-NLS) leads to the formation of the RNP editor, which stabilizes the (pe)gRNA. The box on the right illustrates PP7-tagged (pe)gRNA used for prime

editing (PE), with further 30-protection by the evopreQ1 motif. Gag-PCP with nucleocytosolic shuttling functionality (NLS-NES) then relocates the RNP editor to

the cytosol via the PP7 handle on the (pe)gRNA. At the plasmamembrane, the RNP-editor is packaged into VLPs. Proteolytic cleavage of Gag can then lead to the

structural maturation of the VLPs.

(C) The PE reporter system expresses a stably integratedmGreenLantern harboring twomutations in the chromophore (G65S, Y66H), resulting in a hypsochromic

emission shift from green to blue fluorescence. Successful PE reverts the mutations to their original state, resulting in green fluorescence.

(D) The effect of the NLS-NES shuttling motif for the PE efficacies of ENVLPE delivering improved PE (iPE), quantified by fluorescence-activated cell sorting

(FACS) of the blue mGL reporter HEK293T cell line. Bars represent mean ± SD (n = 3 biological replicates).

(E) Co-transduction of HEK293T with two separate ENVLPE preparations that deliver PP7-tagged pegRNA or mRNA coding for iPE (dual VLP), respectively, in

comparison with delivery of all components in a single ENVLPE (single VLP). For each group, the pegRNA or the mRNA encoding iPE was either PP7-tagged or

not. Bars represent mean ± SD (n = 3 biological replicates).

(F) Comparison of the initial pegRNA design with the PP7 aptamer inserted in the tetraloop (tetraloopPP7) and a version with the PP7 aptamer moved toward the

30-end to prevent packaging of 30 truncated pegRNAs (30PP7). A variant with the NES shifted to the C terminus of Gagwas also tested (C-NES). As a control (orange

line), we compared a system with direct protein fusion of a prime editor to MMLV-gag (by switching the BE for a PE in v4 BE-eVLP [orange]). Experiments were

performed on the bluemGLHEK293T line. Dots represent mean ± SD (n = 3 biological replicates). Log2(VrelSN): relative transduction volumes in 23 dilution steps.

Editing rates of the lowest VLP titer were analyzed via Bonferroni multiple comparisons test (MCT) after one-way ANOVA (p < 0.0001; **p < 0.01).

(G) PE performance of ENVLPE on human induced pluripotent stem cell (hiPSC)-derived cortical neurons carrying the blue mGL reporter. Bars represent

mean ± SD (n = 3 biological replicates).

The results of two-tailed unpaired t tests are shown for (D) and (E) (****p < 0.0001; ***p < 0.001; **p < 0.01).

See also Figures S2, S3, and S17.
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may negatively correlate with membrane recruitment and
budding.33 To enable packaging via PCP, a PP7 aptamer was
grafted into the tetraloop of the SpCas9 gRNA/pegRNA scaffold
(Figure 1B). In contrast to VLP-packaging mechanisms that use
Gag-Cas fusions, this mode of gRNA recruitment binds the RNP
complex at its least stable component to favor the packaging of
fully assembled RNPs.

As a first characterization of the vesicular stomatitis virus G
protein (VSV-G) pseudotyped VLP system, we confirmed pro-
teolytic maturation of Gag-PCP, enhanced budding efficiency
of the L21S mutation, and packaging of PP7-tagged mRNA
(see design considerations in STAR methods; Figure S1). To
assess the gene editing performance of the delivered prime ed-
itors, we generated a ‘‘blue’’ mGreenLantern fluorescent re-
porter HEK293T line (blue mGL) in which mutations in the chro-
mophore of mGreenLantern (G65S and Y66H) can be reverted
to shift the fluorescence profile from blue back to green
(Figure 1C).

Since (pe)gRNAs are localized in the nucleus, we hypothe-
sized that shuttling a Gag-PCP component between the nucleus
and cytosol would allow active nuclear export of PP7-tagged
(pe)gRNAs, which would otherwise rely on passive diffusion
through the nuclear pore or nuclear envelope breakdown during
mitosis. Therefore, we introduced an HIV-1 nuclear export
sequence (NES) flanked by two nuclear localization sequences
(NLSs) (MYC and a synthetic NLS) into the NC domain upstream
of PCP to allow nucleocytosolic shuttling of the packaging
component (Figure 1A).

For VLP production, we co-expressed the engineered Gag
variants and wild-type (WT) Gag/Gag-PolD64V to form mosaic
VLPs and mitigate possible steric hindrance by PCP insertion.
As prime editor, we used the ‘‘improved PE’’ (iPE) with C-termi-
nal fusion of theMoloneymurine leukemia virus (MMLV) pentam-
utant RT.34 Indeed, the shuttling motif (NLS-NES-NLS) led to a
substantial increase in PE activity when delivered to the blue
mGL reporter cell line, suggesting that (pe)gRNA packaging
was otherwise limited by low cytosolic concentration (Figure 1D).
Immunofluorescence imaging revealed that the steady-state
localization of the engineered shuttling Gag was in the cytosol
as long as an NESmotif was present (Figures S2A–S2C). Nuclear
accumulation of Gag-PCP was evident as early as 1 h after the
addition of leptomycin B, a nuclear export inhibitor. This obser-
vation suggests that Gag-PCP is continuously shuttled between
the nucleus and cytosol (Figure S2C).

VLP delivery of prime editors as RNPs
Next, we sought to evaluate the potential contribution of mRNA
recruitment to our delivery system. To this end, we tagged the 30

UTR of the iPE mRNA with a single PP7. We then compared the
prime editing (PE) efficacy in blue mGL HEK293T cells trans-
duced with VLPs carrying the editor as RNP or as protein and
pegRNA in separate particles (Figure 1E). Alternatively, only the
mRNA or the pegRNA was delivered separately, while the other
component was complemented by plasmid transfection (Fig-
ure S3A). Critically, we observed substantial editing only in those
conditions where both the prime editor and the pegRNA were
loaded into the same particle, independent of whether the
mRNA encoding iPE was PP7-tagged (Figure 1E). In addition,

we observed an increased editing efficacy for a non-tagged
mRNA encoding iPE, compared with a PP7-tagged version, sug-
gesting that more iPE proteins than mRNAs can be packaged
into VLPs (Figure S3A). Jointly, these data indicate that the
VLPs delivered the editors primarily as RNPs.
We transfected the blue mGL receiver cells with microRNAs

(miRs)35 targeting the 30 UTR of the PP7-tagged prime editor
mRNA prior to VLP delivery and observed no decrease in editing
efficacy, documenting that there is no significant contribution of
potentially co-packaged mRNA coding for iPE (Figure S3B). The
functionality of the miR was validated by delivering a mGreen-
LanternmRNAwith the same 30 UTR. Transfection of the receiver
cells with the miR prior to VLP transduction strongly suppressed
mGreenLantern translation (Figure S1E).

ENVLPE design and pegRNA refinements
After completing additional validation experiments and opti-
mizing the stoichiometry (Figures S3C–S3F), we also attempted
to simplify the system to a single-component-packaging
plasmid based on Gag-PolD64V, but the mosaic composition of
Gag/Gag-PolD64V and shuttling Gag-PCP was still superior
(Figure S3G).
Despite using 30 pseudoknot motifs such as evopreQ1 (Q1),

packaged pegRNAs may be partially degraded. By moving the
PP7 aptamer out of the gRNA scaffold to the 30 end of the
pegRNA between PBS and Q1, we limited packaging to only
pegRNAs with intact 30 ends (RTT and PBS), resulting in slightly
increased editing efficacy, especially under low VLP doses. Both
versions outperformed a Gag-PE fusion design, an architecture
previously used for RNP delivery of Cas9, base-,19,20 and
prime-editors17,18 (Figure 1F).
Moving the NES component of the shuttling domain to the

Gag C terminus to improve cargo release was not beneficial
(Figures 1F and S3H), indicating that cargo release was not
limited by aptamer dissociation (see design considerations in
STAR methods). Using this ENVLPE architecture, we achieved
prime editing efficacies of up to 35% in human induced pluripo-
tent stem cell (hiPSC)-derived cortical neurons carrying the blue
mGL reporter system (Figure 1G).

Delivery of Cas9 effectors for KO and edits mediated by
HDR
To utilize the high modularity of the guide-mediated packaging
mechanism, we continued to test the capability of ENVLPE to
deliver other Cas9-based effectors. Compared with pegRNAs,
sgRNAs are bound with high affinity to apo-Cas9 (Kd !5–
20 nM27 vs. !10–300 pM36,37) and are more stable without a 30

extension. Therefore, it appears that the loading capability of un-
altered sgRNAsmay be sufficient to enable efficient packaging in
Gag-Cas9 fusion systems as well.
We thus conducted a comparison in HEK293T and hiPSCs,

which revealed that Cas9 ENVLPE performed comparably to
v4 Cas9 eVLPs17 in a titration assay for targeted insertions and
deletions (indels) at theB2M locus (Figure 2A). We then validated
that Cas9 nuclease ENVLPEs were also effective in post-mitotic
hiPSC-derived cortical neurons equipped with an ‘‘enhanced
traffic-light reporter’’ (eTLR),34 which reports all occurring muta-
genic end-joining (mutEJ) indel events (Figure S4A).
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Figure 2. Delivery of various Cas9 effectors for mutEJ, HDR, and BE
(A) Cas9 ENVLPE was compared against v4 Cas9 eVLPs in targeting B2M in HEK293T cells and iPSCs. Indels were quantified via NGS, with points representing

n = 3 biological replicates (except for HEK293T eVLP ‘‘"1’’ and ‘‘"2,’’ iPSC ENVLPE ‘‘"3,’’ and iPSC eVLP ‘‘"3,’’ where n = 2). Log2(VrelSN): relative transduction

volumes in 23 dilution steps.

(B) To enable homology-directed repair (HDR), Cas9 ENVLPE was co-delivered with an HIV-1-based integrase-deficient lentivirus (IDLV) to revert the blue mGL

reporter locus to its original green-fluorescent state. The IDLV delivers the reverse-transcribed donor template directly to the recipient cell’s nucleus. The transfer

plasmid contains the promoterless mGL HDR template, which includes homology arms to provide a DNA template for HDR.

(C) FACS-quantified percentages of HDR (green) and mutEJ (gray) events after transduction of the HEK293T blue mGL reporter cell line with Cas9 ENVLPE and

HDR-donor IDLV in the presence of 0.5 mM AZD7648, a non-homologous end-joining (NHEJ) inhibitor. ENVLPE and IDLV were pseudotyped with ecotropic

envelope proteins of the Moloney murine leukemia virus with deletion of the R-peptide (MMLV EnvD607–622); ‘‘blue mGL’’ reporter cells stably express the murine

SLC7A1 receptor making them permissive for MMLV Env pseudotyped VLPs/IDLVs. Bars represent mean ± SD; n = 3 biological replicates.

(D) FACS-quantified percentages of HDR (red), mutEJ (green), or both (1st allele HDR, 2nd allele mutEJ, orange) of HEK293T eTLRv2 reporter cells after trans-

duction with Cas9 ENVLPE and HDR-donor IDLV in the presence of 0.5 mM AZD7648 (NHEJ inhibitor) and 3 mM PolQi2 (MMEJ inhibitor) to promote HDR by

(legend continued on next page)
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Nuclease-mediated editing is especially useful in stimulating
homology-directed repair (HDR) to incorporate larger edits at a
target site. In the context of HDR, VLPs have been used only in
combination with other deliverymodalities, such as co-precipita-
tion of VLPs with dsDNA donors using polybrene or additionally
electroporating the dsDNA donor into the recipient cells.20 Many
cell types, such as T lymphocytes, have sensitive innate immune
responses toward cytosolic double-stranded DNA (dsDNA), re-
sulting in massive cell death,38,39 precluding direct delivery of
dsDNA. Thus, in vitro generated single-stranded DNA (ssDNA)-
based donors or AAVs (ssDNA genome) are common alterna-
tives as HDR repair templates.

On the other hand, lentiviruses, such as HIV-1, can deliver
their reverse-transcribed and capsid-shielded pseudo-genome
directly to the nucleus without requiring the breakdown of
the nuclear envelope,40–42 thereby remaining undetected by
cytosolic nucleic acid sensors.38,39,43 Hence, we wondered
whether Cas9 ENVLPEs could be combined with integrase-
defective lentiviruses (IDLVs) that provide nuclear DNA tem-
plates after reverse transcription of the J-tagged cargo
RNA44,45 (Figure 2B).

As a proof of concept, we provided IDLVs containing a
promoterless mGreenLantern HDR template to repair the blue
mGreenLantern back to its green-fluorescent state and co-deliv-
ered themwith Cas9-ENVLPE into the recipient reporter cells. To
show the flexibility of using fusogens other than VSV-G, we used
the ecotropic MMLV envelope protein (MMLV-EnvD607-622)

46

to pseudotype both particles. Such pseudotyped particles
cannot enter human cells unless the murine SLC7A1 receptor
(mCAT1)47 is heterologously expressed,48 as in our modified
blue mGreenLantern reporter HEK293T cell line. Upon co-deliv-
ery of Cas9 ENVLPEs together with the donor IDLVs in the pres-
ence of a non-homologous end-joining (NHEJ) inhibitor (0.5 mM
AZD764849,50), we observed chromophore repair in !40% of
the population (Figure 2C), indicating highly efficient HDR. To
raise the level of editing complexity, we increased the edit size
from a 2 nt substitution in bluemGL to a 244 bp insertion to repair
a truncated red fluorescent mScarlet-I protein in the eTLR re-
porter cell line, which reports mutEJ events as green fluores-
cence and successful HDR events as red fluorescence.34 We
observed 7% HDR, which could be increased to 30% in
the presence of NHEJ/microhomology-mediated end-joining
(MMEJ) inhibitors51 (Figure 2D).

Delivery of Cas9 trans-activators and base editors
Next, we wondered whether functional CRISPR trans-activators,
such as dCas9-miniVPR52 RNPs, could be delivered using
ENVLPE to induce MAPT expression in a HEK293T reporter
cell line, which reports MAPT expression as a firefly luciferase

(FLuc) activity.53 We observed a significant 2-fold increase in re-
porter signal 48 h after CRISPRa-ENVLPE transduction, indi-
cating successful gene activation (Figure S4B).
Lastly, we sought to extend ENVLPE to base editing (BE),5–8 a

double-strand-break-free and therapeutically promising gene
editing technology. We first evaluated ENVLPE-mediated BE in
our HEK293-TLR reporter cell line, which can also report the
stop codon removal via a>g editing as green fluorescence, and
observed that 35% of the cells were successfully edited (Fig-
ure 2E). We next tested BE ENVLPE on the B2M locus
(Figures 2F and 2G) on multiple common cell types, where BE
ENVLPE was able to facilitate BE with high efficacy at the B2M
locus in all of the cell lines tested, reaching 90% in hiPSC-
derived cortical neurons, and >55% in hiPSCs (Figure 2G). The
latter cells are typically challenging to access with conventional
techniques, such as lipofection or electroporation, which require
tedious optimization.

30 protection of pegRNA with Csy4 increases editing
efficacy
Compared with gRNAs, pegRNAs particularly have a short half-
life because of their degradation-prone 30 extension.
Although our current design prioritizes packaging of PE RNPs

with intact 30 ends protected by the evopreQ1 pseudoknot,27 we
hypothesized that pegRNA stability may still limit the full potential
of PE-ENVLPE. Accordingly, we used the CRISPR protein Csy4
(alias Cas6f) from Pseudomonas aeruginosa, which binds to a
highly conserved 16 nt RNA motif (Csy4 motif, C4), wherein the
nucleotides 2–16 form a hairpin with a 5 bp stem and a 5 nt
loop. Csy4’s processing activity has been used extensively in
various CRISPR-Cas9 systems, e.g., to process arrays of
gRNAs/crRNAs into individual gRNA/crRNAs for multiplexed
gene editing,54,55 or to enhance PE efficiency by preventing the
pegRNA from folding back on itself due to the complementarity
between the spacer and the PBS region.56

Importantly, the C4 RNA aptamer is bound by Csy4 with an
exceptionally high affinity (Kd !50 pM57) that is !20-fold higher
than the PCP-PP7 interaction (Kd !1 nM58). The C4 aptamer is
precisely cleaved 30 proximal to the hairpin without leaving any
unpaired nucleotides as 30-overhang. Csy4 remains bound with
an unchanged affinity and thus may shield the 30 end from a po-
tential 30 exonucleolytic attack.57

Although C4-modified pegRNAs showed no additional bene-
fits in transient transfection experiments, in which pegRNA levels
are naturally elevated (Figure S5A), we hypothesized that Csy4-
mediated 30 protection of the pegRNA could prove advanta-
geous in conditions where RNA stability is limiting, such as dur-
ing RNP delivery (Figure 3A). When Csy4 is co-expressed in the
VLP-production cells, recruitment of the RNP complex is still

blocking NHEJ/MMEJ. Stacked bars represent mean ± SD; n = 3 biological replicates. Results from a two-tailed unpaired t test are shown (****p < 0.0001;

***p < 0.001); conditions were compared in the context of total indel rates (green + orange), as well as total editing rates (red + orange).

(E) ABE ENVLPE for disruption of the stop codon of an integrated eTLRv1 reporter in HEK293 cells, leading to green fluorescence by read-through. Editing was

quantified via FACS; bars represent mean ± SD; n = 3 biological replicates.

(F and G) ABE ENVLPE for the disruption of a splice donor (SD) site of the first intron in the B2M gene was transduced into the indicated cell lines. Editing was

quantified in HEK293T via NGS (F) or Sanger sequencing (G) 72 h after transduction. Points in (F) and bars in (G) represent n = 3 biological replicates. Log2(VrelSN):

relative transduction volumes in 23 dilution steps.

See also Figures S4 and S18.

ll
OPEN ACCESS

6 Cell 188, 1–19, May 15, 2025

Please cite this article in press as: Geilenkeuser et al., Engineered nucleocytosolic vehicles for loading of programmable editors, Cell (2025),
https://doi.org/10.1016/j.cell.2025.03.015

Article



mediated by the PCP-PP7 system, and the 30 end of the pegRNA
in our initial setup contains an additional C4motif downstream of
the essential elements (RTT, PBS, and PP7). The editing efficacy
in the recipient cells was strongly improved when Csy4 was co-
expressed in the producer cells, either as a direct fusion to iPE or
as an untethered module via a 2A peptide (iPECsy4) (Figure 3B),
indicating that the increased efficacy is solely due to the 30 pro-
tective effect of Csy4. Notably, the median fluorescence inten-
sity (MFI) was strongly elevated for cells edited in the presence
of Csy4, indicating either multi-allelic editing, faster editing ki-
netics, or a combination of both. We further observed that ex-
pressing Csy4 in an untethered fashion resulted in slightly
higher%3MFI values than the fusion of Csy4 to iPE (Figure 3B).
Interestingly, we observed an almost complete loss of editing ac-
tivity in the control condition without Csy4, suggesting that un-
processed 30-terminal nucleotides downstream of the C4 ap-
tamer are highly susceptible to degradation (Figure 3B).

Evaluation of pegRNA 30 end motifs
The effectiveness of PCP grafting into Gag was evaluated at
different grafting positions to confirm that the observed improve-
ment in protective Csy4 efficacy was not due to compensation
for potentially suboptimal PCP grafting (Figure S5B). Alternative
aptamer recruitment systems, such as Com (Figure S5C) or Csy4
alone, as a dual-purpose protection and recruitment module

(Figure S6), did not provide additional benefits (see design con-
siderations in STAR methods).
Therefore, we chose the 30 configuration ‘‘PP7-C4-Q1’’ as the

preferred mode for iPECsy4 because it can be used without
Csy4 and thus provides the highest flexibility (Figure S7A).
We next compared iPECsy4 with PE7, which utilizes the N-ter-

minal fragment of the La protein fused to the prime editor to pro-
tect the 30 ends of pegRNAs by binding to the 30 poly(U) nucleo-
tides, a scar left by RNA polymerase III termination.28 With
ENVLPE-mediated delivery, iPECsy4 clearly outperformed PE7
in editing the blue mGL reporter line (Figure 3C). PE7-ENVLPE
performance was increased by adding a tevopreQ1 motif to
the pegRNA 30 end but still displayed lower editing rates
compared with iPECsy4 ENVLPE (Figure S7B).

Evaluation of cell viability post-PECsy4 delivery and
potential application of Csy4 for canonical gRNAs
To evaluate the potential toxicity of Csy4 due to its RNA process-
ing activity,54 we investigated the effect of PECsy4 transductions
via ENVLPE on cellular fitness in recipient HEK293T and hiPSCs.
However, we could not find relevant differences in cell viability
compared with the non-VLP control condition and no difference
in cytotoxicity compared with other VLP-transduced conditions
lacking Csy4 (Figures S8A and S8B). We conclude that previous
reports of Csy4’s cytotoxic effect arise from circumstances

A CB

Figure 3. Implementation of Csy4 for improved PE pegRNA stability
(A) Schematic of Csy4-protected PE-RNP complex formation for packaging via ENVLPE. Csy4 cleaves off the 30 overhanging nucleotides at the pegRNA’s C4

aptamer and remains bound, thereby providing additional 30-stabilization against exonucleolytic attack. The PE-RNP complex is then exported by the shuttling

ENVLPE and combined with the budding module.

(B) Comparison of ENVLPE VLPs packaged with different 30-stabilized PE-RNP complexes comprising the indicated 30-modifications and covalent or non-

covalent Csy4 tethers across a range of VLP doses. PE-mediated reversion of the blue mGL reporter in HEK293T cells is quantified via FACS and displayed as a

percentage of green cells (left plot) or the percentage multiplied by the median fluorescence intensity (MFI) of green cells (right plot). PP7, PP7 aptamer bound by

PP7 coat protein (PCP); Q1, evopreQ1 pseudoknot; C4, Csy4 aptamer hairpin bound and processed by Csy4; elements are described from 50 to 30 as they appear

at the 30-end of the respective pegRNA. Points represent mean ± SD (n = 3 biological replicates). Log2(VrelSN): relative transduction volumes in 23 dilution steps.

Editing rates of the lowest VLP titer were analyzed via Bonferroni multiple comparisons test (MCT) after one-way ANOVA (****p < 0.0001; **p < 0.01).

(C) Comparison of different VLP systems packagedwith PERNPswith different 30-protection strategies applied to bluemGLHEK293T cells across a range of VLP

doses. La indicates the fusion of the N-terminal fragment (amino acid [aa] 1–194) of La (SSB) used in PE7. The two plots represent the metrics as defined in (B).

Points represent n = 3 individual replicates (orange) and n = 2 (green and blue). Log2(VrelSN): relative transduction volumes in 23 dilution steps.

See also Figures S5–S10.
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where Csy4 is excessively overexpressed in transient transfec-
tion settings.54 Alternative strategies in which the protection
and processing of the pegRNA 30 end are separated into distinct
processes did not prove to be beneficial (Figure S9; see design
considerations in STAR methods).

We further tested whether Csy4-mediated 30-stabilization of
pegRNAs would also translate to conventional gRNA-based ef-
fectors that do not carry 30-extensions. Likely due to the
absence of 30-vulnerable ends, gRNA-based nuclease and
base-editing systems do not benefit from additional 30-protec-
tion (Figure S10). In summary, Csy4 expressed via a 2A peptide
with iPE (PECsy4), combined with PP7-C4-Q1 pegRNAs, sub-
stantially improves prime editing efficacy in ENVLPE-mediated
RNP delivery.

Engineering of minimal, homomeric shuttling vehicles
Current VLP-delivery tools based on cargo fusion utilize co-as-
sembly with virally derived Gag/Gag-Pol domains, as they are
obligatorily dependent on the protease domain contained in
the Pol frame for proteolytic cargo release.14,17We hypothesized
that due to its aptamer recruitment and release mechanism,
ENVLPE is not fundamentally dependent on protease-mediated
release, even though it still utilizes mosaic assemblies with Gag/
Gag-Pol domains composed of GagL21S,NLS-NES-PCP, Gag, and
Gag-Pol.

Omitting Gag/Gag-PolD64V in the ENVLPE setup only resulted
in a modest decrease in efficacy (Figure S11A), indicating that
Gag/Gag-PolD64V was not essential. In contrast, omitting Csy4
led to a strong decrease in RNP transfer efficacy, indicating
that RNP stability is a major bottleneck in aptamer-based RNP
delivery systems (Figure S11A).

We identified the relatively mild impact of Gag/Gag-PolD64V
omission as an opportunity to create a minimal VLP-like delivery
system inspired by a previous publication.59 We thus attempted
to replace as many HIV-1 elements as possible with functional
equivalents of non-viral elements (Figures 4A and 4B).

While preserving the nucleocytosolic shuttling motif and the
aptamer-binding domain PCP, most of the MA/CA/NC regions
were removed (DMA12–114, DCA133–277, DNC), except for
the parts necessary to act as a spacer to induce membrane cur-
vature during budding, as well as the budding domain p6 (Fig-
ure 4A). To compensate for Gag’s eliminated oligomerization
function, we incorporated GCN4 coiled coils, which form homo-
meric parallel dimers and trimers. Examining the functionality of
this minimal design (miniENVLPE), we again found that the nu-
cleocytosolic shuttling component is a key element in forming
an efficient RNP packaging and delivery system (Figure 4C). Re-
placing the N-myristylation signal (MY) with a pleckstrin homol-
ogy domain from phospholipase C-d1 (PH)60 that binds to phos-
phatidylinositol lipids, a component of the plasma membrane,
further increased efficacy (Figure 4C). Remarkably, these minia-
ture systems contained less than 13% of WT HIV-1 Gag se-
quences but were almost as active as full-length, homomeric
GagL21S,NLS-NES-PCP setups (ENVLPE DGag/Gag-PolD64V;
Figure 4D).

Since the minimal system is considerably decreased in size,
which may shift its nucleocytosolic equilibrium, we re-tested
several NES-NLS combinations on the miniENVLPE system.

Still, we found no substantial improvement over the original nu-
cleocytosolic shuttling sequence (Figure 4D).
Cryo-electron microscopy in our experiment revealed that

HIV-1 Gag VLPs had a median radius of !55 nm, while
ENVLPE and miniENVLPE had a smaller median radius of
!31.5 nm (Figure S11B).

Mechanistic insights yield optimized ENVLPE+

Further experiments on homomeric andminimal assemblies with
different aptamers for recruitment provided additional evidence
for our mechanistic insights on the ENVLPE system for PE (see
design considerations in STAR methods). First, the PE efficacy
improvement of PECsy4 is also compatible with homomeric and
minimal ENVLPE variants (Figures 4E and S11A). Second, cargo
release is sufficient without proteolytic activity but is restricted to
aptamer systems with intermediate affinities (nM range) since ul-
tra-high-affinity aptamer systems (pM range) limit cargo release
in the recipient cells (Figures 4F, S5C, and S11C). Last, Gag/
Gag-Pol is not essential for particle assembly but is still generally
beneficial (Figures 4F, S11A, S11C, and S11D).
Since GCN4 coiled coils were successfully applied in mini-

ENVLPE, we also introduced them into ENVLPE (Figure 5A).
Remarkably, this led to another significant increase in efficacy
(Figure 5A), probably by enhancing productive PCP-PCP homo-
dimerization. We termed this GCN4-enhanced final configura-
tion ENVLPE+.

Characterization of cargo loading efficiency
We next combined ENVLPE+ with PECsy4 as the optimal config-
uration for PE and conducted comparisons with v3 and v3b PE-
eVLPs. As they are based on distinct packaging mechanisms
compared with ENVLPE+ (Figure S12), we chose to compare
the amount of pegRNA and Cas9 effector protein per VLP. We
found that one ENVLPE+ particle was loaded with an average
of 78 Cas9 molecules and 77 pegRNAs (ratio 0.99). In contrast,
similar Cas9 levels were observed for v3 and v3b PE-eVLPs
but distributed in a higher number of VLPs per volume and
with a Cas9:pegRNA ratio of 0.58 and 0.61 for v3 and v3b PE-
eVLPs, respectively (Figures S13A and S13B). This result aligns
with our hypothesis that ENVLPE favors packaging of pegRNA:
Cas9 complexes, while packaging of pegRNAs or Cas9 apoen-
zymes alone is improbable due to instability or absence of a
recruitment handle. This observation is additionally supported
by the findings of An et al., which suggested that improved
RNP packaging could be a result of the additional introduction
of Gag-aptamer-binding-proteins in v3 and v3b PE-eVLP.18

Benchmarking ENVLPE+ against eVLP on endogenous
targets
We proceeded to benchmark the editing efficacy and precision
of ENVLPE+ in base- and prime-editing modes on established
endogenous loci against the MMLV-based v4 BE-eVLP and
v3b PE-eVLP systems (see Figure S12 for the mechanistic differ-
ences). Because eVLP production is driven by CMV promoters,
which are considered to be one of the strongest promoters
in HEK293T cells,61 we also switched ENVLPE+ to CMV pro-
moter-driven expression and optimized the plasmid stoichiome-
tries again (Figure S13C). We wondered whether v3 or v3b
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E F
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B

Figure 4. Engineering of a minimal Gag variant for delivery of functional RNPs
(A) Schematic representation of engineered minimal Gag versions with a majority of MA and CA deleted as indicated. The shuttling motif and PCP replace the

complete NC domain, which also ablates the function of Gag to homo-oligomerize. Homo-oligomerization is restored by the introduction of GCN4 coiled coils

(CCGCN4). A PH was fused to the N terminus to replace the native N-myristoylation site. The resulting particles are formed from homomeric assemblies.

(B) Schematic representation of full-length Gag-PCP as used in ENVLPE for reference.

(C) Quantification of PE events in the blue mGL HEK293T reporter cell line via flow cytometry 72 h after transduction. Respective ENVLPE variants, shuttling

domain variants, and membrane anchors (MY, HIV-1 N-myristoylation; PH, phospholipase C-d1 pleckstrin homology domain) are indicated. Bars represent

mean ± SD (n = 3 biological replicates).

(D) Comparison of the original ENVLPE (left) with variants without Gag/Gag-PolD64V and the addition of PH to full-length Gag-PCP as in (A, top) to miniENVLPE

versions with different engineered nucleocytosolic shuttling motifs. PE was quantified in the blue mGL reporter HEK293T cell line via flow cytometry 72 h after

transduction with VLPs. Bars represent mean ± SD (n = 3 biological replicates).

(E) Validation of the Csy4-C4 30-protection module in the untethered or direct recruitment mode (see Figure S6) in the context of miniENVLPE. Experiments were

conducted in the blue mGL HEK293T cell line. Bars represent mean ± SD (n = 3 biological replicates).

(F) The influence of proteolytic activity on PE efficacy in the blue mGL HEK293T reporter cell line in the context of the ENVLPE/Gag-PolD64V mosaic setup and the

homomeric miniENVLPE. Bars represent mean ± SD (n = 3 biological replicates).

Selected results of Bonferroni MCT after one-way ANOVA analysis are shown for (C) and (E) (****p < 0.0001).

See also Figure S11.
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Figure 5. Optimized ENVLPE+ benchmarked for PE and BE at several endogenous sites
(A) Depiction of the improvedmodule with an additional GCN4 domain (ENVLPE+) to assist Gag oligomerization (left). Editing performance of ENVLPE+ compared

with ENVLPE (right). Experiments were performed on the blue mGL HEK293T line. Bars represent mean ± SD (n = 3 biological replicates). Results from a paired t

test are indicated (**p < 0.01).

(B) Evaluation of ENVLPE, miniENVLPE, ENVLPE+, and v3b PE-eVLP delivery on several endogenous loci in HEK293T cells (HEK3 and RUNX1) and in Neuro-2a

cells (Dnmt1) using either the PE2 (default) or PE3 (indicated on top) strategy. Editing efficacy was analyzed via targeted amplicon sequencing, and precision was

calculated by the ratio of intended edits divided by the total number of all non-WT reads3 100%. Bars represent mean ± SD (n = 3 biological replicates, except in

HEK3 PECsy4 ENVLPE [CAG] and PECsy4 ENVLPE+ [CMV] where n = 2). HEK3 and Dnmt1 data were analyzed using two-way ANOVA with Bonferroni MCT

(****p < 0.0001). The conditions of RUNX1 editing were analyzed by an unpaired two-tailed t test (****p < 0.0001).

(C) Additional assessment of on- and off-target editing in HEK293T of the respective VLP systems in HEK293T cells compared with plasmid-transfection of PE

components targeting the respective targets. The same non-targeting control (NTC) of HEK4 on-target editing is shown for both edit types. The off-target % is

(legend continued on next page)
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PE-eVLP systems would benefit from Csy4 protection as well,
and while both v3 and v3b PE-eVLP showed improvements
with the additional 30-protection to varying extents, ENVLPE+ still
achieved the highest prime-editing efficacy of all tested condi-
tions (Figure S13D).
We then performed a detailed comparison of the endogenous

HEK3 locus (+1 t>a editing), including additional controls and
comparisons with individual features of the ENVLPE system in
HEK293T cells (NLS-NES, PECsy4, miniENVLPE, GCN4 coiled
coils, CMV promoter). Evaluation of the editing performance at
endogenous loci again demonstrated the functional relevance
of the features built into ENVLPE+ and reaffirmed CMV-driven
PECsy4 ENVLPE

+ as the optimal configuration. This configuration
also outperformed the state-of-the-art v3b PE-eVLP system18 in
both prime editing modes, ‘‘PE2’’ and ‘‘PE3’’ (Figure 5B).
We continued to benchmark our system across three addi-

tional loci and further editing types (t>a, g>c, t>g, +2 gctg>cacc),
which showed that iPECsy4 ENVLPE+ displayed consistently
higher editing than v3b PE-eVLP across multiple endogenous
sites in HEK293T and in Neuro-2a cells (Figures 5B and 5C).
No significant increase in off-targets62 compared with v3b PE-
eVLP was found despite higher on-target efficacy (Figure 5C).
On the other hand, plasmid-transfection of prime-editing com-
ponents led to elevated off-target rates (Figure 5C). As expected
for PE, editing precision (proportion of correct edits within all edi-
ted reads) was consistently high across all systems, mostly
above 90%.
We extended ENVLPE+ benchmarking against eVLPs to

include BE and found similar rates for editing of multiple endog-
enous sites as observed with v4 BE-eVLPs in HEK293T and
hiPSCs, with miniENVLPE also mediating comparable editing ef-
ficacies (Figure 5D).

BE with ENVLPE+ for ex vivo T cell engineering
We next sought to assess the use of ENVLPE for generating
hypo-immunogenic T cells suitable for cell-based therapeutic in-
terventions. To achieve sufficient titers, we scaled up ENVLPE+

particle production and transitioned to ultracentrifuge precipita-
tion for enrichment.
We then administered ENVLPE+ to primary T lymphocytes,

facilitating a base edit in splice donor sites of the B2M and
TRBC1/2 loci to knock out major histocompatibility complex
(MHC) class I and T cell receptor (TCR), two common knockout
(KO) targets to generate hypoimmunogenic CAR-T cells63 (Fig-
ure 6A). ENVLPE+ facilitated both base edits at high efficacy
and in a dose-dependent fashion (Figures 6B and 6C).
For B2M modification, we observed a direct correlation be-

tween editing efficacy and surface protein expression that is
consistent with the requirement for biallelic modification to
achieve complete KO (Figure 6B). This relation was less clear
for TRBC1/2, where the KO of CD3 more closely follows editing
(Figure 6C). It is likely that this pattern is caused by only one

TRBC locus being transcriptionally active at a time,64 resulting
in a bias in both editing and expression toward the same allele.
We then proceeded to compare the efficacy of a simultaneous

gene KO with a single transduction of either ENVLPE+ or v4
BE-eVLPs. Our findings revealed comparable performance for
both systems, albeit at a remarkably 40-fold higher titer of v4
BE-eVLPs (5.43 3 1011 v4 BE-eVLP particles and 1.34 3 1010

ENVLPE+ particles per 50,000 cells; Figure 6D).

Distribution of ENVLPE in vivo after subretinal injection
We next set out to evaluate ENVLPE’s editing performance in an
in vivo setting and chose an ophthalmology context, since the
eye has been used as a potent testbed for precision genome ed-
iting.65Multiple BE and PE strategies have been demonstrated in
a diverse set of inherited retinal degenerationmodels, though vir-
ally delivered BE and PE limit the clinical applicability of the
studies.66–68

To first test ENVLPE’s transduction efficacy and local distribu-
tion of ENVLPE upon subretinal injection, we applied VSV-G-
pseudotyped ENVLPE loaded with CreNLS mRNAPP7 to mT/mG
mice (Figure 7A), which report Cre-recombinase activity as a con-
version from red to green fluorescence. We injected 1.0, 1.5, and
2.0 mL of an ENVLPE solution (2.53 3 108 particles mL"1 in PBS)
and observed broad and homogeneous green fluorescence-re-
porter activation across the retinal pigment epithelium (RPE) in
17/18 injected eyes 1 week after injection (Figures 7B and
S14A). More importantly, no gross change of the compact RPE
layer’s pentagonal and hexagonal cell morphology was evident,
suggesting ENVLPE was well tolerated. Consistent with these re-
sults, ENVLPE also performed well as an mRNA-delivery tool in a
titration experiment in a Cre-dependent green-to-red-reporter
HEK293 line (Figure S14B).

Prime editing of inherited retinal degeneration mouse
models with PEcsy4 ENVLPE+

Encouraged by the results from mRNA delivery, we sought to
benchmark the performance of VLP-mediated PE in our opti-
mized configuration iPECsy4 ENVLPE+. To this end, we chose
mousemodels of retinitis pigmentosa (rd6) and of Leber congen-
ital amaurosis (rd12), which have recently been used to measure
the editing performance of v3 PE-eVLPs after subretinal
injection.18

The loss-of-function phenotype in the rd6 mouse model is
caused by a 4 bp deletion in the splice donor region of Mfrp
intron 4, abolishing protein expression (Figure 7C). To enable a
direct head-to-head comparison with the recently published v3
PE-eVLP systems in vivo,18 we employed the identical PE3b
strategy for ENVLPE+ (including identical spacers and 30 exten-
sions of the pegRNA but adapted to our scaffold and with
30-modifications required for the Csy4/C4 protection; Figure 7C).
We then produced both VLP systems in parallel from 15 cm
dishes with 12.5 3 106 HEK293T cells/dish using original

calculated by subtracting the number of WT reads from the total reads of the indicated off-target loci. Bars represent mean ± SD (n = 3 biological replicates).

Selected results of Bonferroni MCT after one-way ANOVA are indicated (****p < 0.0001; ***p < 0.001; ns p > 0.05).

(D) Evaluation of VLP-mediated BE in the HEK293 traffic-light reporter (TLR) cell line and other endogenous sites and cell lines. Editing efficacy was analyzed via

targeted amplicon sequencing; bars represent mean ± SD (n = 3 biological replicates).

See also Figures S12 and S13.
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plasmids for v3 PE-eVLPs18 (from Addgene; see STAR Methods
for details), concentrated the VLPs by ultracentrifuge precipita-
tion using a sucrose cushion, and quantified the titers by
ELISA against the capsid proteins in ENVLPE+ (HIV-1 p24)
or v3 PE-eVLP (MMLV p30), respectively (Figure S15). 5- to
7-week-old rd6 mice were injected with equal doses of
PE3bCsy4 ENVLPE+ or v3 PE3b-eVLP (1.6 3 109 particles mL"1

in 1 mL PBS). 3 weeks post-injection, we analyzed the protein
expression ofMfrp in the eye cup via immunoblot and assessed
the editing outcomes via targeted amplicon sequencing. Only
ENVLPE+-treated eyes showed visibly restored MFRP protein
expression (Figure 7D), mediated by the restoration of the splice
donor site (median 8.6%; Figure 7E) with no detectable indels
(Figure 7F), while samples from v3 PE3b-eVLP-treated mice ex-
hibited MFRP levels beyond detection limit.

We repeated our head-to-head comparison on a second
mouse model, rd12, which displays a more severe loss-of-func-
tion phenotype caused by a nonsense mutation in exon 3 of

Rpe65, which abolishes the canonical visual cycle leading to vi-
sual impairment (Figure 7G). 3 weeks after subretinal injection of
equal doses (1 3 109 particles mL"1 in 1 mL PBS) of both prepa-
rations into the RPE of 5- to 7-week-old rd12 mice, immunoblot
analysis of RPE homogenates revealed that the restored RPE65
protein could only be detected in eyes treated with PE3bCsy4

ENVLPE+, whereas protein levels in eyes treated with v3 PE3b-
eVLP remained below the detection limit (Figure 7H).
Comparable results were found by analyzing Rpe65 exon 3 via

targeted amplicon sequencing, which revealed substantial suc-
cessful prime editing events with a median of 6.3% for PE3bCsy4

ENVLPE+ (Figure 7I) without detectable indels (Figure 7J). In
comparison, editing levels in the v3 PE3b-eVLP condition were
below the detection threshold. The electroretinography (ERG)
response correlated with the observed editing results across
all samples from ENVLPE+ (Figure S16).
rd12mice display a virtually absent light-dependent retinal ac-

tivity that can be quantified via ERG (Figures 7K and 7L).

A

DCB

Figure 6. Using ENVLPE+ to generate hypoimmunogenic T cells ex vivo
(A) Schematic illustration of T cell receptor (TCR)/CD3 and MHC class I knockout (KO) by targeting B2M and TRBC1/2 in primary T lymphocytes.

(B) Ex vivo delivery of adenine BE RNPs via CAGENVLPE
+ to primary T lymphocytes. Quantification of B2M KO and the effect on MHC class I surface expression

were analyzed 72 h after VLP delivery via NGS or flow cytometry (FC) after MHC class I immunostaining, respectively. Log2(VrelSN), relative transduction volumes

in 23 dilution steps.

(C) Ex vivo delivery of adenine BE RNPs via CAGENVLPE
+ to primary T lymphocytes. Quantification of TRBC1/2KO and the effect on TCR surface expression were

analyzed 72 h after VLP delivery via NGS or FC after CD3 immunostaining, respectively.

(D) Analysis of functional MHC class I"/CD3" double KO in primary T lymphocytes by BE ENVLPE+ vs. v4 BE-eVLPs. KO efficiency was quantified via FC

(functional) and NGS 72 h after delivery of the indicated VLP systems. Bars represent mean ± SD (n = 3). Titers of the respective VLP systems were measured via

ELISA (5.43 3 1011 v4 BE-eVLP particles per 50,000 cells; 1.34 3 1010 ENVLPE+ particles per 50,000 cells; Figure S15). For dual targeting, 46 mL of VLPs

containing either B2M-targeting sgRNAs or TRBC1/2-targeting sgRNAs were used for the eVLP or ENVLPE system, respectively.

See also Figures S12, S13, and S15.
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Figure 7. Subretinal injection of ENVLPE particles for mRNA delivery into Cre-reporter mice and for PE-RNP delivery to mouse models for
inherited retinal degeneration
(A) Depiction of subretinal injection of VLPs into mouse retina. CHO, choroid; RPE, retinal pigment epithelium; PR, photoreceptor.

(B) Genetic construct of the reporter mouse indicating delivery of mRNA-encoded Cre activity with a red-green switch of fluorescent proteins expressed in RPE.

Example 3D rendering of an imaging volume of the posterior portion of the intact eye acquired by two-photon imaging after subretinal injection of 1.5 mL sample

(containing 3.633 108 ENVLPE particles). Left: green channel only; Right: green-red overlay. The units on the axes are in micrometers. Green fluorescence was

observed in 17 out of 18 eyes; additional images are shown in Figure S14.

(C) Schematic diagram of 4 bp deletion in the SD region of exon 4 of Mfrp in rd6 mice.

(legend continued on next page)
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Treatment with ENVLPE+ evoked!5.5-fold higher b-wave signal
(median 173.5 mV) compared with an equal dose of v3 PE-eVLPs
(median 31.52 mV). A response of the comparable magnitude
(median 102.2 mV) was evoked only after injecting a dose of v3
PE-eVLP that was approximately one order of magnitude higher
(13.7 3 109 particles mL"1; Figures 7K and 7L).

In rd12 mice, the absence of RPE65 disrupts the visual
cycle, leading to a deficiency of 11-cis-retinal. High-perfor-
mance liquid chromatography (HPLC) analysis of retinoids in
PE3bCsy4 ENVLPE+-treated rd12 mouse eyes revealed signifi-
cant restoration of 11-cis-retinal after dark adaptation, reaching
!20% of WT levels, suggesting a partially restored visual cycle
(Figure 7M). Instead, 11-cis-retinal levels in v3-PE3b-eVLP-
treated samples were below the detection limit, though some
restoration must have occurred due to the recordable b-wave
signals (Figures 7K and 7L).

DISCUSSION

We have introduced a highly effective and versatile tool for deliv-
ering all major classes of RNA-guided gene editors into a variety
of cell types. Ultimately, we demonstrated its applicability for
in vivo studies by restoring visual function in rd12 mice and cor-
recting the rd6 mutation.

By systematically analyzing VLP methods for the delivery of
gene editing RNP complexes, we identified three interrelated
bottlenecks that limit their performance. First, the formation of
guide RNA/Cas complexes in the nucleus is spatially separated
from the budding process at the plasmamembrane. Second, un-
bound guide RNAs, especially pegRNAs, are the least stable
RNP components in the packaging cells. Third, the transport
and packaging of RNP editors via protein fusions of an adapter
to Gag protein instead of RNA aptamers limits the efficiency
and modularity of the resulting VLPs.

Therefore, we have incorporated both NLS and NES and
adjusted their relative strengths to enable an active nucleocyto-
solic export of editor-RNP complexes via an aptamer tag
attached to the guide RNAs. This is in distinction to v3 and
v3b PE-eVLP systems where multiple NES were added to the
NLS motifs already contained in Gag-PE (v3) or P4-PE (v3b)

but not inserted into the respective fusions of Gag and ap-
tamer-binding proteins (Gag-MCP-Pol, v3; Gag-COM-Pol,
v3b).18 Thus, the purpose of the NES was to override the
NLS on the Cas-containing fusion proteins to facilitate cyto-
plasmic packaging at the plasma membrane. Moreover, VLP-
packaging mechanisms that recruit the RNP editor via the
Cas protein component, either as direct fusions to Gag17,19–21

or via coiled-coil adapters,18 can result in empty apo-Cas pack-
aging directly after cytosolic translation. Instead, ENVLPE en-
sures that the PP7-tagged stabilized RNP complex is directly
picked up by the shuttling Gag-PCP component and then
actively exported out of the nucleus for packaging at the
plasma membrane. The Cas-effector concentration can be
adjusted independently to maximize the transport of fully func-
tional RNP editors, such that the dominant transport form is a
fully assembled RNP.
Moreover, the aptamer-based recruitment mechanism of

ENVLPE provides a high level of modularity, as the aptamer-
tagged guide RNA serves as a universal interface to essentially
any Cas effector of choice, which can be replaced without the
need to re-optimize the editing performance. This also opens
up the possibility of recruiting other RNA-guided effector pro-
teins, given that their incorporation of an aptamer-tagged RNA
is sufficiently stable. In the context of Cas9 effectors, this design
enables seamless transitions between PE, nuclease + HDR, and
BE functionalities without altering core components or stoichi-
ometries of ENVLPE.
For PE-ENVLPE, we found that the pegRNA benefits from

additional protection via Csy4/Cas6f beyond the evopreQ1
pseudoknot. While Csy4/Cas6f has been used in the past to
enable multiplexed (pe)gRNA expression,54,55 we found that
Csy4/Cas6f resulted in at least an order of magnitude increase
in PE efficacy.
Although this increased PE performance was also observed

when Csy4 was used as a full replacement for PCP as an
adapter (ENVLPECsy4), we suggest using Csy4 protection
together with PCP-PP7-mediated recruitment strategy for
maximum flexibility. In this mode, pegRNAs comprising a uni-
fied handle (30-PP7-C4-Q1) can be used with or without
Csy4. Csy4 can then be co-expressed as an untethered

(D) Immunoblot analysis of MFRP protein levels in rd6 mouse eyes, 3 weeks after prime editing.

(E and F) Analysis of gDNA-editing efficacy and indel rate. Bars represent median with 95% CI (n = 12 biological replicates, except for ‘‘untreated’’ where n = 3).

Selected statistical comparisons using the Kolmogorov-Smirnov test are shown (****p < 0.0001).

(G) Schematic diagram of the nonsense-mutation in exon 3 of Rpe65 in rd12 mice.

(H) Immunoblot analysis of RPE65 protein levels in rd12 mice after prime editing.

(I and J) Analysis of the corresponding editing efficacy and error rate, including indels. Bars represent median with 95% CI (n = 4 [untreated]; n = 7 [eVLP]; n = 6

[eVLP 133 excess]; n = 10 [ENVLPE+] biological replicates). Selected statistical comparisons using the Kolmogorov-Smirnov test are shown (**p < 0.01).

(K) Scotopic electroretinogram (ERG) b-wave amplitudes upon the light stimulus of"0.3 log[cd sm"2] flash 3 weeks after injection of the different VLP systems or

controls. Bars represent median with 95%CI (n = 2 [rd12]; n = 9 [PBS]; n = 56 [v3 PE-eVLP light orange]; n = 8 [v3 PE-eVLP dark orange], n = 40 [ENVLPE+]; n = 10

[C57BL/6] biological replicates). Mice were dark-adapted overnight prior to analysis. Selected statistical comparisons using the Kolmogorov-Smirnov test are

shown (****p < 0.0001; ns p > 0.05).

(L) Representative ERG traces from (K). Traces are represented as plots of potential (mV) versus time (ms).

(M) Schematic diagram of a portion of the visual cycle. Extracted whole-eye retinoids were analyzed by HPLC to quantify syn-11-cis-retinal. The mobile phase for

retinal oxime elution was 90% hexanes and 10% ethyl acetate; the mobile phase for the earlier all-trans-retinyl ester elution (not shown in figure) was 99.4%

hexanes and 0.6% ethyl acetate. Retinoid levels were determined using a standard curve. Results on the right showmedian and 95%CI for n = 4 control samples

and n = 5 ENVLPE+ and eVLP samples.

In (D)–(M), injection volumes were adjusted to equalize the injected VLP titers from v3 PE-eVLP and ENVLPE+ particles per eye. VLP titers were quantified via

ELISA (Figure S15).

See also Figures S12–S16.
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protective module during VLP production. In this configuration,
Csy4 protection is decoupled from the recruitment mechanism
and can, therefore, be applied to other delivery systems that
might benefit from pegRNA stabilization, as we have demon-
strated exemplary for PE-eVLP.
We further found that the combination of HDR-donor IDLVs,

Cas9 ENVLPEs, and DNA repair pathway modulators effi-
ciently promotes knockins, useful for targeted integration of
larger cassettes into safe-harbor loci or tagging of endoge-
nous loci by homologous recombination. One important
advantage of using our HIV-1-based ENVLPE + IDLV as
dsDNA carriers is that the IDLV capsid acts as a molecular
‘‘Trojan horse’’ to deliver reverse-transcribed dsDNA donor
directly into the nucleus, therefore likely circumventing the
host’s innate immune system (cGAS-STING).43 Of note,
MMLV or FMLV-based integrase-defective retroviruses
(IDRV) rely on the dissolution of the nuclear envelope during
mitosis, which is followed by the G1 phase. Homologous
recombination, however, is restricted to the late G2/S phase,
making MMLV/FMLV-based IDRVs a suboptimal choice as
donor carriers for HDR. It remains to be seen whether an
‘‘all-in-one’’ VLP, encompassing both the RNP and the HDR
template, is a viable option.
In ENVLPE, the RNP can dissociate from the aptamer interface

without proteolytic Gag maturation, unlike direct fusions of Gag
to CRISPR effectors. A non-maturing homomeric ENVLPE
formulation still achieved 50% editing efficacy compared with
the mosaic ENVLPE system. Understanding the mechanisms
of efficient budding led us to the further improved ENVLPE+ by
facilitating Gag-PCP oligomerization via coiled coils. It also al-
lowed us to create a minimal variant (miniENVLPE) with !13%
of the original HIV-1 Gag/Gag-Pol sequence, achieving compa-
rable editing efficacies. Given its independence from proteolytic
maturation and co-expression of unmodified Gag/Gag-Pol, min-
iENVLPE can serve as a blueprint for future Gag-independent
budding modules, e.g., by incorporating de novo cages or bac-
terial encapsulins.
For the ex vivo generation of T cells, we observed editing effi-

ciencies comparable to v4 BE-eVLPs but at much lower titers,
which is particularly relevant when injection volumes are limited.
The in vivo comparisons in several ophthalmologic mouse

models showed potent mRNA delivery and superior ‘‘per VLP’’
editing efficacies with increased RNP loading compared with
PE-eVLPs. Although we observed a higher per VLP editing effi-
cacy of ENVLPE+ compared with PE-eVLPs, the titer (1 3 109

particles per mL) we obtained for our equimolar comparison
was 26-and 40-fold lower than in the referenced study for PE-
eVLPs in the rd6 or rd12 models, respectively.18 Moreover, we
observed a higher variability of the protein levels, most likely
because we did not control the selection of the tissue via a co-
expressed fluorescent protein, as was done previously via
AAV1-eGFP co-transductions.18

In summary, our characterization and application of the
ENVLPE mechanism revealed that an optimized (pe)gRNA-
mediated VLP packaging of gene editors as RNPs substantially
improves editing efficacy per particle. This makes ENVLPE a
potent delivery tool for base- and prime-editing, as well as
HDR-based insertions or transactivation.

Limitations of the study
While extensive PE and BE data highlight the modularity of
ENVLPE, experiments for CRISPRa and HDR were not carried
out beyond proof of principle. Such future applications of
ENVLPE could also include other Cas effectors, such as
CRISPRi or CRISPRoff, and other RNA-targeting Cas enzymes,
which were not explicitly considered here.
The transient nature of VLP-based delivery vehicles, as re-

ported before,17,19–21,29 decreases the risk of off-target edits
due to prolonged expression of the editor complex. VLP systems
may further attenuate potential immune responses, observed for
traditional AAV-based gene therapy vectors that can continu-
ously express their cargo for months to years in non-dividing
cells. However, to deliver the desired genetic edits during the
limited time window of transient expression, the VLP system
must be highly optimized. In any case, the immunogenicity of
different VLP systems should be closely examined in follow-up
studies to compare their immunogenic potential. Additionally,
immunogenic epitopes should be eliminated to minimize im-
mune responses triggered by multiple VLP administrations. In
this regard, our efforts to construct minimal packaging modules
can serve as a blueprint for developing such low-immunogenic
variants.
A key benefit of VLP strategies over LNP formulations is

that tropism can be modified more easily via pseudotyping.
We have demonstrated that ENVLPE can be pseudotyped
with ecotropic glycoproteins, and it will be interesting to
explore recent advancements in glycoprotein engineering
to further refine and restrict VLP tropism to specific cell
types.13,14

Our study also found a clear benefit of Csy4 for the efficacy of
VLP-delivered prime editors across all experiments. Neverthe-
less, additional investigations into its generalizability across a
broader range of targets and with other delivery systems would
be advantageous.
Please note that despite our best efforts to prepare v4 BE-

eVLPs and v3/v3b PE-eVLPs using original plasmids deposited
at Addgene and the methods for VLP preparation described in
the original documentation,17,18 we cannot rule out the possibil-
ity that minor discrepancies in the protocol may have resulted in
a slight reduction in the efficacy of the eVLPs compared with
those used in previous studies. Moreover, in the rapidly evolving
field of VLP development, the fifth version of the BE-eVLPs has
recently been published. It is thus likely that an updated PE-
eVLP will prove more effective than the current v3/v3b version.
Nevertheless, we consider the per-particle editing efficacy to
be an important metric for further optimization of VLP technology
for in vivo applications.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-RPE65 clone KPSA1 UC Irvine N/A

anti-beta-actin clone 13E5 Cell Signaling Tech-nologies 4970; RRID:AB_2223172

anti-MFRP R&D Systems AF3445; RRID:AB_2142759

donkey anti-goat IgG HRP Thermo Thermo Fisher Scientific A16005; RRID:AB_2534679

anti-mouse IgG HRP Cell Signaling Technologies 7076; RRID:AB_330924

anti-rabbit IgG HRP Cell Signaling Technologies 7074S; RRID:AB_2099233

PE anti-human HLA-A,B,C Antibody Biolegend 311406; RRID:AB_314875

APC anti-human CD3 Antibody Biolegend 317318; RRID:AB_1937212

Bacterial and virus strains

NEB Stable Competent E. coli New England BioLabs C3040H

Chemicals, peptides, and recombinant proteins

Poly-L-lysine solution Sigma-Aldrich, Merck P4832

Advanced DMEM Gibco, Thermo Thermo Fisher Scientific 12491015

RPMI 1640 Medium Gibco, Thermo Thermo Fisher Scientific 11875093

Essential 8 Flex Medium Kit Gibco, Thermo Thermo Fisher Scientific A2858501

Geltrex LDEV-Free Reduced Growth Factor Basement

Membrane Matrix

Gibco, Thermo Thermo Fisher Scientific A1413201

Fetal Bovine Serum Gibco, Thermo Thermo Fisher Scientific A5256701

Penicillin-Streptomycin Sigma-Aldrich, Merck P4333

Accutase - Enzyme Cell Detachment Medium Invitrogen, Thermo Fisher Scientific 00-4555-56

DPBS, calcium, magnesium Gibco, Thermo Thermo Fisher Scientific 14190144

D(+)-Saccharose ROTH 9097

anti-CD3/CD28 Dynabeads Gibco, Thermo Thermo Fisher Scientific 40203D

recombinant human IL-2 Peprotech 200-02

jetOPTIMUS! transfection reagent Polyplus 101000006

Critical commercial assays

Plasmid Maxi Kit QIAGEN 12165

Nano-Glo! HiBiT Lytic Detection System Promega N3030

Lenti-X p24 Rapid Titer Kit Takara Bio 631476

QuickTiter MuLV p30 Core Antigen

ELISA Kit

Cell Biolabs VPK-156

Quick-DNA 96 Kit Zymo Research D3011

Experimental models: Cell lines

HEK293T as producer cell line ECACC 12022001; RRID:CVCL_0063

HEK293 ECACC 85120602; RRID:CVCL_0045

Jurkat E6.1 ECACC 88042803; RRID:CVCL_0367

Neuro-2a ECACC 89121404; RRID:CVCL_0470

hiPSCs Helmholtz Zentrum München (HMGU) ISFi001-A; RRID:CVCL_YT30

primary human T cells Technical University Munich N/A

Small airway epithelial cells Cell Systems FC-0106

Experimental models: Organisms/strains

C57BL/6J mice Jackson Laboratory RRID:IMSR_JAX:000664

rd6 mice Jackson Laboratory RRID:IMSR_JAX:003684
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

rd12 mice Jackson Laboratory RRID:IMSR_JAX:005379

Oligonucleotides

NGS_B2M_fw CGGTCTCACAAGCATGGATGC

TTGTTGGGAAGGTGGAAGCTC

N/A

NGS_B2M_rv CACAATCGAGCTCCATCTGTGG

ACCAGTCCTTGCTGAAAGACAAG

N/A

NGS_TRBC1/2_fw CGGTCTCACAAGCATGGATGCT

CAATGACTCCAGATACTGCCTG

N/A

NGS_TRBC1/2_rv CACAATCGAGCTCCATCTGTGGC

TACCTGGATCTTTCCATTTTCC

N/A

rd6_genomic_HTS_F ACACTCTTTCCCTACACGACGCTCTTCCG

ATCTNNNNAAGAACCCACTGCTCACCCGA

N/A

rd6_genomic_HTS_R TGGAGTTCAGACGTGTGCTCTTCCGATC

TAGAGGTCTTCCCCAACCTGCAA

N/A

rd12_genomic_HTS_F ACACTCTTTCCCTACACGACGCTCTTCCG

ATCTNNNNTGATATCTCACTTTGCTGCAGG

N/A

rd12_genomic_HTS_R TGGAGTTCAGACGTGTGCTCTTCCGATCTA

TGGCTAGACCATGAAGAAAGAAG

N/A

Recombinant DNA

pCMV-VSV-G Addgene 8454

pRSV-REV Addgene 12253

psPAX2-D64V Addgene 63586

pCMV_ENVLPE+ This study 232427

pCMV_iPE-C_P2A_Csy4 This study 232428

pCMV_ABE8e This study 232429

pCMV_Cas9 This study 232430

pCMV_miniENVLPE This study 232431

pU6_empty-sgRNA(PP7) This study 232432

pU6_rd6_pegRNA_(PP7-C4-Q1) This study 232433

pU6_rd6_nsgRNA(PP7) This study 232434

pU6_rd12_pegRNA_(PP7-C4-Q1) This study 232435

pU6_rd12_nsgRNA(PP7) This study 232436

pU6_HEK3+1T>A_(PP7-C4-Q1) This study 232437

pU6_HEK3_nsgRNA(PP7) This study 232444

pU6_B2M_sgRNA(PP7) This study 232438

pCMV_CreNLS_PP7 This study 232439

pCMV_mGL_PP7 This study 232440

Software and algorithms

Geneious Prime 2022/2023/2024 Biomatters (https://www.geneious.com/) N/A

Prism 9/10 GraphPad (https://www.graphpad.com) N/A

FlowJo v10 BD Biosciences (https://www.flowjo.com/solutions/

flowjo)

N/A

Other

38.5 mL, Open-Top Thinwall Ultra-Clear Tube, 25 x

89 mm

Beckman Coulter 344058

Millex!-HV Filter Unit (Sterile) Merck Millipore SLHV033RS

BD Plastipak" Plastic Concentric Luer-Lock Syringe BD 300865

Injekt! Solo Luer, disposable syringes 5 mL Braun 4606051V

Sterican needle 0.80 x 120 mm Braun 4665643

Swinging-bucket centrifuge rotor Beckman Coulter SW 28

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
Mouse experiments and procedures were approved by the Institutional Animal Care and Use Committee at the University of Cal-
ifornia, Irvine and conform to the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research. Breeding colonies of wild-type C57BL/6J (000664), rd6 (003684), and rd12 (005379) mice
were established by purchase from the Jackson Laboratory (Bar Harbor, ME). Mice were housed in the specific pathogen-free vi-
varium of the University of California, Irvine on a 12 h/12 h light/dark cycle and fed ad libitum. 5–7 weeks old homozygous mouse
littermates were randomly assigned to experimental groups. Bothmale and female mice were used equally. Nomice were involved
in previous procedures.

Cell lines and cultivation
Cells were cultured at 37 #C, 5% CO2, and an H2O-saturated atmosphere.

HEK293T (ECACC: 12022001, Sigma-Aldrich) and HEK293 (ECACC 85120602) cells were maintained in advanced DMEM
(Gibco, Thermo Fisher Scientific) supplemented with 10% FBS (Gibco, Thermo Fisher Scientific), GlutaMAX (Gibco, Thermo
Fisher Scientific), 100 mg/ml Penicillin-Streptomycin (Gibco, Thermo Fisher Scientific), 10 mg/ml Piperacillin (Sigma-Aldrich),
and 10 mg/ml Ciprofloxacin (Sigma-Aldrich). Cells were passaged at 90% confluence by removing the medium, washing with
DPBS (Gibco, Thermo Fisher Scientific) and detaching the cells with Accutase solution (Gibco, Thermo Fisher Scientific). Cells
were then incubated for 5–10 min at room temperature until a visible detachment of the cells was observed. Accutase was sub-
sequently inactivated by addition of pre-warmed DMEM including 10% FBS and all supplements. Cells were then transferred
into a new flask at an appropriate density, or counted and distributed on 96-well or 6-well plates for plasmid transfection or VLP
transduction.

Jurkat E6.1 cells (ECACC 88042803) weremaintained in RPMImedia 1640 (Gibco, Thermo Fisher Scientific) withGlutaMAX (Gibco,
Thermo Fisher Scientific) and 100 mg/ml Penicillin-Streptomycin (Gibco, Thermo Fisher Scientific). For transduction, they were
seeded into 96-well plates at 25,000 cells/well. The proper density was achieved by centrifugation at 200 relative centrifugal force
(rcf) for 2 min and subsequent dilution with RPMI 1640 to the desired density.

Human induced pluripotent stem cells (hiPSCs (ISFi001-A) were incubated in Essential 8 (E8) Flex medium (Thermo Fisher Scien-
tific, A2858501) at 37 #C under 5%CO2 saturation on (v/v) Vitronectin-coated (A31804, Thermo Fisher Scientific) plates. At 70% con-
fluency, the cells were subcultivated using StemMACS Passaging Solution XF (Miltenyi Biotec) by incubating the cells for 6 min at
room temperature. Subsequently, StemMACS Passaging Solution XF was removed by aspiration, and hiPSC colonies were har-
vested in E8 flex medium and chopped using a 1000 ml pipette tip. Collected cells were seeded on 96-, 48-, 24-, or 6-well plates
at the appropriate cell densities.

Small airway epithelial cells (donor 08938, purchased from Cell systems) were thawed in a 37 #C water bath and seeded onto a
10 cm2 petri dish containing 15 ml warm medium (airway epithelial growth medium (Promocell) supplemented with
bovine pituitary extract, hydrocortisone, human epidermal growth factor (hEGF), epinephrine, transferrin, insulin, retinoic acid,
and triiodothyronine (Promocell) according to the company’s instructions, further supplemented with Primocin (Invivogen) at 100
mgml-1). The mediumwas changed every 2 days until the culture was 80% confluent, before being detached using Accutase (Sigma)
and seeded into 96-well plates at 25k cells/well in 200 ml of airway-epithelial growth medium, 24 hours before transduction.

METHOD DETAILS

Molecular cloning and DNA analysis
Genetic constructs
The ENVLPE packaging plasmid is based on psPAX2D64V encoding CAG-driven Gag/Gag–Pol with a D64V mutation in the HIV-1-in-
tegrase domain. During optimization, Gag/Gag–Pol (psPAX2D64V) and shuttling Gag-PCP variants were co-expressed on separate
plasmids. Later, we grafted the optimized CAG-driven shuttling Gag-PCP/Gag–Csy4 expression cassettes to yield equimolar
expression of Gag/Gag–Pol and Gag-PCP/Gag–Csy4 into psPAX2D64V. For CMV-driven ENVLPE+, the CAG promoters were
exchanged for CMV promoters taken from pCMV-VSV-G. All core plasmids will be deposited on Addgene. (pe)gRNA sequences
are listed in Table S1.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Cotton Swabs 2,2/145 mm Greiner Bio-One 421084

Ultrafree-CL Centrifugal Filter Merck Millipore UFC40GV0S

Amicon! Ultra-4 Centrifugal Filter Unit Merck Millipore UFC810024
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PCR
Single-stranded primer deoxyribonucleotides (Integrated DNA Technologies (IDT)) were resolubilized (100 mM) in nuclease-free wa-
ter. PCR reactions with plasmid and genomic DNA templates were performed with Platinum SuperFi II PCR Master Mix (Thermo
Fisher Scientific) according to the manufacturer’s protocol. PCR reactions were purified by DNA agarose gel electrophoresis and
subsequent DNA extraction using a Monarch DNA Gel Extraction Kit (New England Biolabs (NEB)).
DNA digestion with restriction endonucleases
Samples were digested with NEB restriction enzymes according to the manufacturer’s protocol in a total volume of 40 ml with 1–3 mg
of plasmid DNA. Afterwards, DNA fragments were purified by agarose gel-electrophoresis and subsequent purification using Mon-
arch DNA Gel Extraction Kit (NEB).
Ligation and Gibson assembly
Concentrations of agarose-gel purified DNA fragments were determined by a spectrophotometer (NanoDrop 1000, Thermo Fisher
Scientific). Ligations were carried out at room temperature for 5–10 min, with 50–100 ng backbone-DNA (DNA fragment containing
the ori) in a 20 ml volume, with molar backbone:insert ratios of 1:1–3, using T4 DNA ligase (Quick Ligation Kit, NEB). Gibson assem-
blies were performed with 75 ng of backbone DNA in a 15 ml reaction volume and molar backbone:insert ratios of 1:1–5, using NEB-
uilder HiFi DNA Assembly Master Mix (23) (NEB) for 20–60 min at 50 #C.
DNA agarose gel-electrophoresis
1% (m/m) agarose (Agarose Standard, Carl Roth) gels were prepared in 13 TAE buffer and 1:10,000 SYBR Safe stain (Thermo Fisher
Scientific). Gel electrophoreses were carried out for 20–40 min at 100 V. For size determination, 1 kb Plus DNA Ladder (NEB) was
used. DNA samples were mixed prior to loading with Gel Loading Dye (Purple, 63) (NEB).
Bacterial strains (E. coli) for molecular cloning
Chemically competent E. coliK12 cells (NEB Stable) were used for transformation of circular plasmid DNA. For plasmid amplification,
carbenicillin (Carl Roth) was used as a selection agent at a final concentration of 100 mg/ml. All bacterial cells were incubated in
Lysogeny Broth (LB) medium or on LB agar plates, including the respective antibiotics.
Bacterial transformation with plasmid DNA
Transformation was performed by mixing 1-5 ml of ligation- or Gibson-reaction mixture with 50 ml of thawed, chemically competent
cells, which were incubated on ice for 30 min before heat shocking at 42 #C for 30 s. Afterward, cells were incubated on ice for 5 min
and mixed with 450 ml of SOC-medium (NEB). Transformed cells were then plated on agar plates containing an appropriate type and
concentration of antibiotics according to the supplier’s information. Plates were incubated overnight at 37 #C.
Plasmid DNA purification and Sanger sequencing
E. coli colonies with correct potential constructs were inoculated from agar plates in 2 ml LB medium at 37 #C with the respective
antibiotics, and incubated for at least 6 h or overnight. Plasmid DNA was extracted with a Monarch Plasmid Miniprep Kit (NEB) ac-
cording to the manufacturer’s protocol, and sent out for Sanger sequencing (GENEWIZ, Azenta Life Sciences). Sanger-sequencing-
validated clones were inoculated in 100 ml LB medium overnight at 37 #C containing the respective antibiotic selection agent.
Plasmid DNA was extracted using a Plasmid Maxi Kit (QIAGEN).
Genomic DNA isolation
72 hours after transfection or transduction in 96-well format, genomic DNA was isolated with a Quick-DNA 96 Kit (Zymo Research)
according to the manufacturer’s protocol, with an elution volume of 30 ml.
For animal experiments, after the mice were euthanized, the anterior segment (iris, lens, cornea, ciliary body) was removed by

dissection, and the neural retina was peeled from the posterior eyecup (RPE, choroid, and sclera). The eyecup was then immediately
immersed in buffer RLT Plus with 1%beta-mercaptoethanol (Qiagen # 1053393), and the RPEwas disassociated from the eyecup by
pipetting before homogenization by QiaShredder (Qiagen # 79654). DNA was then isolated with the AllPrep DNA/RNA Micro kit ac-
cording to manufacturer instructions (Qiagen # 80284).
Amplicon PCR and purification
Primer sequences are provided in Table S1. PCRwas performed as described above using!50 ng of gDNA and appropriate primers
for each target. Amplicon lengths were designed to approach 250 bp for sequencing. PCR purification was performed using the DNA
Clean & Concentrator-5 Kit (Zymo Research) according to the manufacturer’s protocol with an elution volume of 30 ml.
For analysis of animal experiments, PCR was performed with Phusion Plus green mastermix (Thermo # F632S) and PCR products

were checked by electrophoresis on a 1% agarose TAE gel. PCR products were then purified with a QiaQuick MinElute PCR kit (Qia-
gen # 28004) and quantified spectrophotometrically with a NanoDrop 1000 spectrophotometer.
Amplicon sequencing and analysis
Genomic DNAwas used as a template for PCR on the locus of interest (40 cycles). For pooled analysis of multiple samples, a second
outer PCR using barcoded primers was performed and the samples were subsequently pooled. PCR products were gel-purified as
described above, normalized to 20 ng/ml and submitted for Amp-EZ sequencing (GENEWIZ, Azenta Life Sciences). For samples from
animal experiments, next-generation sequencing was performed commercially by Quintara Biosciences (Hayward, CA) by Illumina
MiSeq utilizing 2 3 250 bp chemistry.
The resulting fastq files containing paired reads were analyzed with Geneious (including barcode separation for pooled samples),

trimming all merged reads shorter than 200 bp and using an analysis window spanning at least 50 bp around the nicking site.
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Alternatively, PCR amplicons were analyzed via Sanger sequencing followed by chromatogram quantification with interference of
CRISPR edits (ICE, Synthego).

Mammalian cell culture
HEK293T ‘blue’ mGreenLantern reporter generation
Cell lines were created by cloning the reporter coding for the blue-shiftedmGreenlanternmutant (G65S, Y66H) with a CAG-promoter,
a bovine growth hormone (bGH) polyadenylation signal (pA) flanked by homology arms for a safe-harbor locus of choice. To create a
HEK293T reporter cell line, cells were transfected with the CRISPR donor plasmid and a second plasmid encoding Cas9 and the
corresponding gRNA. Cells were transfected according to the manufacturer’s protocol (jetOPTIMUS, Polyplus) 24 hours post-seed-
ing on a 6-well plate (600k cells in 3 ml per well) in the presence of 0.5 mM AZD7648 (HY-111783; MedChemExpress), a DNA-PKcs
inhibitor, and a CAG-promoter-driven i53, a 53BP1 inhibitor, to inhibit NHEJ and thereby shifting the DNA repair towards HDR. The
surviving polyclonal population was monoclonalized using limiting dilution in 96-well plates, and selected clones were genotyped to
determine homozygosity.
hiPSC reporter lines generation
The hiPSC reporter cell lines were generated by integrating the blue-shiftedmGreenlantern mutant (G65S, Y66H) (Figure S17A) or the
enhanced traffic light reporter v2 (eTLRv2) (Figure S18A) version 2 into the human safe-harbor locus AAVS1.

hiPSCs (ISFi001-A (RRID:CVCL_YT30)) were passaged using Accutase (Sigma, A6964-500ML) for 10min at 37 #C, counted using a
Neubauer improved cell-counting chamber (Carl Roth, PK361), and electroporated as single cells in a 100 ml cuvette using the CB-
156 programwith the P3 Primary Cell 4D-Nucleofector X Kit (Lonza Group Ltd) and the 4D Nucleofector (Lonza Group Ltd) according
to the manufacturer’s instructions (23 106 hiPSCs, 1 mg Cas9-gRNA plasmid, 2 mg integration plasmid). After nucleofection, hiPSCs
were seeded on one well of a Vitronectin-coated 6-well plate, and incubated in E8 flex medium supplemented with 10 mM Y27632
(Enzo Life Sciences, ALX-270333-M005) and 0.5 mM AZD7648 (HY-111783; MedChemExpress) for 24 h. Cells were allowed to
recover to!70% confluency in E8 flex medium. Gene-edited hiPSCs were selected with puromycin (A1113803, Thermo Fisher Sci-
entific) at a concentration of 0.5mg/ml in E8 flex medium for 3 days; then at 1 mg ml-1 puromycin for 4 additional days. Subsequently,
hiPSC colonies were clonalized and expanded. For characterization, genomic DNAwas isolated using theQIAampDNAMini Kit (Qia-
gen) according to the manufacturer’s instructions for cultured cells. A correct integration was verified by genotyping PCRs and
Sanger sequencing of amplicons reaching over the 5’ homology arm into the CAG promoter (P1: CCACTCTGTGCTGACCACTC;
P2: AGGCGGGCCATTTACCGTAAG), over the 3’ homology arm into the puromycin resistance gene (P3: GAGTTTGCCAAGC
AGTCACC; P4: CCTGAGGGCCCTAGAACCT), and within the knock-in from the CAG promoter to the pA

(P5: TTCGGCTTCTGGCGTGTG; P6: CGAGGCTGATCAGCGAGCTC). Heterozygosity was confirmed by a genotyping PCR ampli-
fying the region of the homology arms (P1; P3). The expression and functionality of the integrated reporter were verified by FACS
analysis. In total, 2 clones per reporter cell line (‘blue’ mGreenLantern reporter or eTLR) were selected and further quality controlled.

Quality control of edited hiPSCs
Karyotyping
Single-nucleotide polymorphism (SNP) array-based karyotyping was performed as described previously. The genomic DNA of the
hiPSCs was extracted using the QIAampDNAMini Kit (Qiagen) according to themanufacturer’s instructions. The DNA concentration
was measured using Quant-iT PicoGreen (Invitrogen, Thermo Fisher Scientific) according to the Infinium HTS Assay Protocol Guide
(Illumina). SNPs were identified using an InfiniumGlobal Screening Array-24 v3.0 Kit (Illumina) and an iScan system (Illumina) accord-
ing to the Infinium HTS Assay Protocol Guide.

The assay was performed by the Genomics Core Facility of Helmholtz Munich. Clustering, quality control, and SNP calling were
done using GenomeStudio 2.0.5 (Illumina) as described. Copy number variations (CNVs) on autosomes were determined using
the cnvPartition v3.2.1 (Illumina) plugin with default settings, including a confidence threshold of 50. No CNVs exceeding 1 kbp could
be identified for the ‘blue’ mGreenLantern reporter (Figure S17B), nor the eTLRv2 (Figure S18B) hiPSC lines.
Pluripotency staining
hiPSC were cultured on Vitronectin-coated glass coverslips for 5 days. Cells were fixed with 10% Formalin (Sigma, F5554) for
20 min at 37 #C, washed twice with PBS (Thermo Fisher Scientific), and permeabilized/blocked using a blocking solution (PBS con-
taining 1 % BSA (Sigma-Aldrich, A7906-500G) and 0.3% Triton X-100 (Sigma-Aldrich, T9284)) for 15 min at room temperature. Pri-
mary antibodies were diluted in a blocking solution, and antibody incubation was performed at 4 #C overnight. Cells were washed
twice with PBS and incubated in a blocking solution containing secondary antibodies for 2 h at room temperature. Nuclei were
stained with PBS containing 0.1 mg/ml DAPI (Thermo Fisher Scientific, 62248) for 10 min at room temperature. Cells were washed
twice with PBS and coverslips weremounted using Aqua-Poly/Mount (Polysciences Inc., 18606-20). Primary antibodies were diluted
as follows: NANOG (AF1997, R&D Systems; 1:200), POU5F1 (2840 S, Cell Signaling; 1:500), SOX2 (sc-365823, Santa Cruz; 1:500).
Secondary antibodies were diluted as follows: donkey-anti-mouse IgG Alexa 488 (A21202, Thermo Fisher Scientific; 1:500), donkey-
anti-goat IgG Alexa 594 (A11058, Thermo Fisher Scientific; 1:500), donkey-anti-rabbit IgG Alexa 594 (A21207, Thermo Fisher Scien-
tific; 1:500). Fluorescence images were acquired using an EVOS FL Auto Imaging System (Thermo Fisher Scientific) (Figures S17C
and S18C).
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Trilineage differentiation
The differentiation potential of edited cells was verified by trilineage differentiation into the ectoderm, mesoderm, and endoderm line-
age. hiPSCs were maintained on Vitronectin-coated 6-well plates. At 70% confluency, hiPSCs were passaged using Accutase for
10 min at 37 #C, sheared to single cells by pipetting using a 1,000 ml tip, and diluted in E8 flex medium containing 10 mM ROCK in-
hibitor Y27632. hiPSCs were harvested at 200 rcf for 5 min and resuspended in E8 flex medium containing 10 mM ROCK inhibitor
Y27632. Cell number was determined using a Neubauer improved cell counting chamber, and 50,000 cells per well with 9 replicates
per cell line were seeded in E8 flexmedium containing 10 mMROCK inhibitor Y27632 on Vitronectin-coated 96-well plates. Trilineage
differentiation was performed in triplicates using the STEMdiff Trilineage Differentiation Kit (StemCell Technologies) according to the
manufacturer’s instructions. Subsequently, cells were fixed with 10% Formalin (Sigma, F5554) for 20 min at 37 #C. Differentiation
efficiency was quantified by immunostainings as described above for the pluripotency staining. Primary antibodies were diluted
as follows: SOX2 (sc-365823, Santa Cruz; 1:500), NES (Ma1110, Thermo Fisher Scientific; 1:250), AFP (MAB1368, R&D; 1:500),
SOX17 (AF1924, R&D Systems; 1:500), NCAM1 (Sc-106, Santa Cruz; 1:500), TBXT (ab209665, Abcam; 1:500). Secondary antibodies
were diluted as follows: donkey-anti-mouse IgGAlexa 488 (A21202, Thermo Fisher Scientific; 1:500), donkey-anti-goat IgGAlexa 594
(A11058, Thermo Fisher Scientific; 1:500), donkey-anti-rabbit IgG Alexa 594 (A21207, Thermo Fisher Scientific; 1:500). Fluorescence
images were acquired using an EVOS FL Auto Imaging System (Thermo Fisher Scientific) (Figures S17D and S18D).

Generation of hiPSC-derived cortical neurons
hiPSCs were differentiated into neuronal precursor cells and further into cortical neurons by using a dual SMAD-signaling inhibition
strategy as described.69 At 70% confluency, hiPSCs were passaged using Accutase for 10 min at 37 #C, sheared to single cells by
pipetting using a 1000 ml tip and diluted in E8 flex medium containing 10 mMROCK inhibitor Y27632. hiPSCs were harvested at 200f
rcf for 5 min and resuspended in E8 flex medium containing 10 mM ROCK inhibitor Y27632. Cell number was determined using a
Neubauer improved cell-counting chamber, and hiPSC were seeded on Vitronectin-coated 6-well plates at a density of 30,000
cells/cm2. The next day (day 0), differentiation was started by replacing the E8 flex medium with neural-induction medium (50%
DMEM/F12-GlutaMAX (Thermo Fisher Scientific, 31331093), 50%Neurobasal medium (Thermo Fisher Scientific, 21103049) supple-
mented with 1% B27 (Thermo Fisher Scientific, 17504044), 0.5% N2 (Thermo Fisher Scientific, 17502048), 0.5% GlutaMAX (Thermo
Fisher Scientific, 35050061), 0.5% non-essential amino acids (Thermo Fisher Scientific, 11140035), 1% Penicillin-Streptomycin
(Thermo Fisher Scientific, 15070063), 2.5 g/ml Insulin (Sigma, I3536-100MG), 10 mM SB431542 (Miltenyi Biotec, 130-106-275),
100 nM LDN193189 (Tocris Bioscience, 6053), and 0.02 % beta-mercaptoethanol (Thermo Fisher Scientific, 31350010)). The me-
dium was replaced daily until day 21. On day 14, cells were reseeded on a 15 mg/ml poly-L-ornithine and 10 mg/ml laminin-coated
6-well plate at a ratio of 1:2. The neuroepithelial sheet was collected using a StemPro EZPassage tool (Thermo Fisher Scientific,
23181010) and transferred using a 1,000 ml tip. On day 21, neuronal precursor cells were reseeded and expanded. The medium
was removed by aspiration, cells were washed once with PBS, and detached using Accutase for 10 min at 37 #C. Dissociated cells
were diluted in neural-induction medium, centrifuged at 200 rcf for 5 min, and resuspended in neural-induction medium containing
10 mM ROCK inhibitor Y27632. Cell number was determined using a Neubauer improved cell-counting chamber, and neuronal pre-
cursor cells were seeded on poly-L-ornithine-laminin-coated 6-well plates at a density of 200,000 cells cm2. On day 22, the medium
was changed to neural-maintenance medium (50% DMEM/F12-GlutaMAX, 50%Neurobasal supplemented with 1% B27, 0.5% N2,
0.5% GlutaMAX, 0.5% non-essential amino acids, 1% penicillin-streptomycin, 2.5 g ml"1 insulin, 0.02 % beta-mercaptoethanol,
200 mM ascorbic acid 2-phosphate (Sigma, A8960-5G), and 20 ng/ml human BDNF (Miltenyi Biotec, 130-093-811)). The medium
was replaced daily until day 50. On day 50, cortical neurons were reseeded on poly-L-ornithine-laminin-coated glass coverslips,
and 96-, 48-, 24-, or 6-well plates for direct use. The medium was removed by aspiration, the cells were washed once with PBS,
and detached using Accutase for 10 min at 37 #C. Dissociated cortical neurons were diluted in neural-maintenance medium, centri-
fuged at 200 rcf for 5 min, and resuspended in neural-maintenance medium containing 10 mM ROCK inhibitor Y27632. Cell number
was determined using a Neubauer improved cell-counting chamber and cortical neurons were seeded on the desired vessels at a
density of 200,000 cells/cm2. Before use, cortical neurons were maintained at 37 #C under 5% CO2 saturation for 14 additional
days, with medium changes every second day. Differentiation efficiency was verified by immunostainings as described above for
the pluripotency staining. Cortical neurons grown on glass coverslips were fixed with 10% Formalin (Sigma, F5554) for 20 min at
37 #C. Primary antibodies were diluted as follows: BCL11B (Abcam, ab18465; 1:500), CUX1 (Sigma Aldrich, SAB1405681; 1:500),
TUBB3 (T5076, Sigma-Aldrich; 1:1000), MAP2 (Sigma Aldrich, AB5622-I; 1:500). Secondary antibodies were diluted as follows:
donkey-anti-mouse IgG Alexa 488 (A21202, Thermo Fisher Scientific; 1:500), donkey-anti-mouse IgG Alexa 594 (A21203, Thermo
Fisher Scientific; 1:500), donkey-anti-rat IgG Alexa 488 (A21208, Thermo Fisher Scientific; 1:500), donkey-anti-rabbit IgG Alexa
594 (A21207, Thermo Fisher Scientific; 1:500). Fluorescence images were acquired using an EVOS FL Auto Imaging System (Thermo
Fisher Scientific) (Figures S17E and S18E).

VLP production
A general schematic depiction of the VLP production process can be found in Figure S19.
Plasmid transfection for VLP production
For production on 6-well plates (poly-D-lysine-coated), 750,000 cells were seeded at 3 ml per well in full DMEM with 10% FBS 24 h
prior to transfection. The cells were transfected (jetOPTIMUS, Polyplus) with a total of 1.2 mg plasmid DNA using JetOPTIMUS
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transfection reagent. The reagent volume to DNAmass ratio (V/m) was 1:1 in a total volume of 120 ml (fill-up with JetOPTIMUS Buffer,
10 min incubation at room temperature for complex formation). The detailed plasmid stoichiometries of the different systems are
shown in Table S1.

For production on 15 cm dishes (poly-D-lysine-coated), 12.53106 cells were seeded in 50 ml per well in full DMEM with 10% FBS
24 h prior to transfection. The cells were transfected (jetOPTIMUS, Polyplus) with a total of 19.2 mg plasmid DNA using JetOPTIMUS
transfection reagent. The reagent volume toDNAmass ratio (V/m) was 1:1 in a total volume of 1.92ml (fill-upwith JetOPTIMUSBuffer,
10 min incubation at room temperature for complex formation). The detailed plasmid stoichiometries of the different systems are
shown in Table S1.
Concentration and transduction of VLPs
The supernatant (SN) containing the VLPswas sterile-filtered to remove cell debris and remaining lipofection reagents. Subsequently,
the filtered SN was concentrated to approximately 1/30 of the original volume using a 100 kDa molecular weight cutoff filter (Amicon
Ultra-4, UFC810024 (Merck)). For transduction (TD), the respective reporter cell line was seeded on a 96-well plate (25,000 cells in
200 ml advanced DMEM). 6 h post-seeding, the supernatant of one 6-well production (or a corresponding dilution in 2-fold steps) was
applied to a triplicate of receiver cells on the 96-well plate without exceeding 20% of the total volume of the receiver cell’s original
growthmedium. For optimizing the VLP system, cells were analyzed at 72 h post-TDwhen delivering an RNP complex, and 24 h post-
TD when delivering mRNA.

Storage capabilities of the ENVLPE VLPs vary depending on pseudotyping. VSV-G pseudotyped VLPs can be stored at 4 #C for at
least three days without significant loss of infectivity. For other pseudotyped VLPs it is recommended to quick-freeze the VLPs using
liquid nitrogen and avoid repeated freeze-thaw cycles.
Ultracentrifugation of VLPs
For experiments with primary T lymphocytes and all animal studies, VLPs were purified by ultracentrifugation. After 72 hours of
expression in a 15 cm dish (12,500,000 cells in 50 ml advanced DMEM), the supernatant was harvested and sterile-filtered
(0.45 mm). 35 ml of the filtrate was transferred into a Beckman Coulter Ultra-Clear Tube, and 3 ml of a 20% sucrose PBS solution
was layered below the supernatant. The supernatants were spun for two hours at 26,000 rpm in a Beckman LE-70 ultracentrifuge.
The SW28 swinging-bucket rotor was cooled to 4 #C. After removing the supernatant, the rim of the centrifugation tubes were dried
with cotton swabs and pellets were resuspended in 1/1000 of the original volume using PBS supplementedwith 10%sucrose and 13
PenStrep.

IDLV production and transduction
For the production of ecotropic integrase-defective lentiviruses (IDLV) to facilitate editing of the ‘blue’ mGL reporter locus, HEK293T
cells were seeded 1 day prior transfection on a 6-well plate in 3 ml advanced DMEM with a concentration of 200,000–250,000 cells/
ml. The cells were transfected according to the manufacturer’s protocol (jetOPTIMUS, Polyplus) with the following components:
400 ng psPAX2D64V (a gift from David Rawlings & Andrew Scharenberg (Addgene # 63586)), 600 ng lentiviral transfer vector encoding
the HDR-donor, and 200 ng of the CMV promoter-driven ecotropic MMLV envelope protein (MMLV-EnvD607-622). The IDLVs were pu-
rified as described for VLPs and then co-transduced with Cas9-ENVLPE. 4 days after transduction, green fluorescence was
measured via FACS to quantify HDR events. Additionally, the decrease of blue fluorescence indicated the indel rate.

To facilitate the larger edit of the TLR locus, we produced VSV-G-pseudotyped IDLVs. For lipofection, 12,500,000 HEK293T cells
were seeded on a 15 cmdish (poly-L-lysine coated) in 50ml DMEM. 5376 ng psPAX2D64V (Addgene # 63586), 8064 ng lentiviral trans-
fer vector encoding the HDR-donor, 2688 ng pRSV-REV (Addgene #12253) and 3072 ng of pCMV-VSV-G (Addgene #8454) were co-
transfected according to themanufacturer’s protocol (jetOPTIMUS, Polyplus). The Cas9-ENVLPEwas also produced in a 15 cmdish.
Both ENVLPE and IDLV were purified via ultracentrifugation and resuspended in PBS at 1/1000 of the original volume.

Cas9-ENVLPE and IDLVs were co-transduced in a 1:1 ratio.

Anti-FLAG staining
HEK293T cells were seeded (80,000 cells in 300 ml advanced DMEM) one day before transfection in 8-well m-Slides (Ibidi). 48 hours
post-TF, half of the mediumwas removed, and cells were pre-fixed with 10% neutral-buffered formalin (Sigma-Aldrich) for 5 minutes
at room temperature, followed by fixation with 10% neutral buffered formalin for 10 min at room temperature. Afterward, cells were
washed three times with DPBS before incubation for 2 h at room temperature with 1:1000 Monoclonal ANTI-FLAGM2 antibody from
mouse (Sigma-Aldrich, 1 mg/ml) in DPBS containing 1% BSA (Sigma-Aldrich) and 1% Triton X-100 (Sigma-Aldrich) for permeabili-
zation. Following three additional washing steps with DPBS, cells were treated with Cy3-conjugated goat anti-mouse IgG (2 mg/ml
stock), diluted 1:100 in DPBS with 1%BSA, and incubated for 45 min at room temperature. The next washing step included Hoechst
33342 stain (10 mg/ml stock diluted 1:10,000 in DPBS), followed by two additional washing steps with DPBS. Confocal microscopy
was performed using a Leica SP5 system (Leica Microsystems) under identical conditions for all samples across all experimental
conditions.

Delivery of VLPs in primary T lymphocytes
Cryopreserved primary human T cells, isolated in-house (# 19661; StemCell Technologies) from anonymous healthy donors under an
institutional review board-approved protocol, were thawed on day 0 and activatedwith anti-CD3/CD28Dynabeads (#40203D; Gibco)
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in RPMI medium (10%FBS and 1%P/S), supplemented with 20 IU/ml recombinant human IL-2 (#200-02; Peprotech). 50,000 T cells/
well were plated in a 96-well U-bottom plate. One day afterward, the activated T cells were treated with VLPs, prepared via ultracen-
trifugation, targeting B2M and/or TRBC1/2 in duplicates or triplicates per condition. On the third day after T cell activation, cells were
split in half, and fresh RPMI medium with recombinant IL-2 was added. On the fifth day following T cell activation, anti-CD3/CD28
beads were removed magnetically, and MHCI (#311406; Biolegend) and CD3 (#317318; Biolegend) surface presentation was
analyzed by flow cytometry, while the respective TRBC1/2 and B2M loci were analyzed via NGS following gDNA isolation and PCR.
For flow cytometry, cells were washed with FC buffer (PBS + 2% FBS), stained with the indicated antibodies (1:100 dilution) for

30 min at 4 #C in the dark, washed twice to remove unbound antibodies, and resuspended in FC buffer with DAPI (Thermo Fisher,
#62247). Samples were acquired on a BD LSRFortessa and analyzed using FlowJo software (v10).

Viability and toxicity assays
To assess viability and cytotoxicity in receiver cells, HEK293T cells were seeded in a 96-well format (25,000 cells in 200 ml advanced
DMEM) and transduced six hours post-seedingwith the equivalent of half the supernatant of one 6-well production distributed across
a triplicate. Additionally, hiPSCs cells were seeded as single cells (25,000 cells) on a Geltrex-coated 96-well plate in 100 ml E8 flex
media supplemented with 10 mM Y27632 (Enzo Life Sciences, ALX-270333-M005). One day post-seeding, cells were washed
with DPBS, 100 ml new E8 flex media was added and transduced with the equivalent of half the supernatant of one 6-well production
distributed across a triplicate. One day post-TD, receiver cells were washed with DPBS, new pre-warmed media was added, and
puromycin (2 mg/ml) was administrated in triplicate as a control. The CellTiter-Glo 2.0 Cell Viability Assay (Promega, G9241), as
well as LDH-Glo Cytotoxicity Assay (Promega, J2380) were performed according to the manufacturer’s protocol, 48 hours post-
TD for HEK293T, and 24 hours post-TD for hiPSCs. Measurements were taken on a Varioskan LUXmicroplate reader (Thermo Fisher
Scientific).

Flow cytometry
72 h post-transduction, cells were gently detached in a suitable volume of Accutase, pelleted (200 rcf, 5 min), and resuspended in ice-
cold 0.4% formalin for 10 min. Fixed cells were pelleted again (200 rcf, 5 min) and resuspended in 200 ml ice-cold DPBS. Analysis was
performed on the BD FACSaria II or the BD FACSymphony A3 Cell Analyzer (BD Biosciences). Data were analyzed with FlowJo
(10.10.0, BD BioSciences). Briefly, the main population of the cells was gated according to their FSC-A and SSC-A. Secondly, single
cells were gated using FSC-A and FSC-W (FACSAria II) or FSC-H (FACSymphony A3). The final gate (green fluorescence plotted
against red fluorescence to compensate for autofluorescence artefacts) was used to determine the proportion of successfully edited
or transduced cells, as well as their median fluorescence intensity.

Bioluminescence quantification
For dual-luciferase readout using the Nano-Glo Dual-Luciferase Reporter Assay System (Promega), NLuc and FLuc signals were
read on-plate 48 hours post-transfection. Measurements were taken on a Centro LB 960 plate reader (Berthold Technologies)
with 0.5 s acquisition time 10 min after the addition of Reagent 1 (ONE-Glo EX Luciferase) for FLuc, and 10 min after the addition
of Reagent 2 (NanoDLR Stop & Glo) for NLuc. Reagent 2 contains a FLuc inhibitor.

Cryo-electron microscopy
After production of VLPs in HEK293T, the supernatant was sterile filtered and the VLPs purified via ultracentrifugation. VLPs were
resuspended in 1/1000th of the original volume. 4 mL of the ultracentrifuged material for each of the samples was applied onto car-
bon-coated 200 mesh copper grids R2/1 (Quantifoil Micro Tools), blotted, and immediately plunged frozen in liquid ethane, using
Vitrabot Mark 4 (Thermo Scientific). The grids were loaded into the autoloader of a 200 kV Glacios cryo-TEM, equipped with a Fal-
con4i direct electron detector camera (Thermo Scientific). EPU software (Thermo Scientific) was used for automatic image acquisi-
tion in different grid squares to streamline data generation. Acquired data was manually checked for the ice quality and the particles’
presence. Selected sets of foil hole images with a pixel size of 0.246 nm were passed for downstream image analysis. Images were
grouped by the sample origin. The contrast of the images was enhanced in Fiji image software through the application of the Contrast
Limited Adaptive HistogramEqualization (CLAHE) plugin (block size 127, histogrambins 256,maximum slope 1.5). The visibility of the
particles was further enhanced by 23 application of Despeckle (median filter) operation in Fiji image software. Vesicle lipid envelopes
weremanually segmented, avoiding damaged or distorted particles. The segmented areas were used to create the binary masks and
the binarymasks were quantified in Fiji to acquire area per particle with subsequent conversion of circular area to a radius individually
for each of the particles.

p24 (HIV-1) and p30 (MMLV) quantification
VLP titers after ultracentrifugation were determined using commercial ELISA kits. For HIV-1-derived ENVLPE, the Lenti-X p24 Rapid
Titer Kit (Takara Bio, 631476) was used according to the manufacturer’s protocol.
The MMLV-derived eVLPs were quantified using the QuickTiter MuLV p30 Core Antigen ELISA Kit (Cell Biolabs, VPK-156) accord-

ing to the manufacturer’s protocol.
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In both ELISAs, titers were calculated by using the recommended dilution series of recombinant antigens and at least two different
dilutions of the VLP solution in PBS. For calculations, we assumed that one particle contains, on average, 2500HIV-1-Gagmonomers
or 1800 MMLV-Gag monomers.

Cas9 protein quantification
Samples were concentrated via ultracentrifugation and the concentration of editor protein was determined using the Cas9 ELISA Kit
(Cell Biolabs, PRB-5079) according to the manufacturer’s protocol. For VLP lysis, 25 ml of Triton-X100 was added to 225 ml of the
sample (experimental or standard) and incubated for 30 min at 37 #C before application to the anti-Cas9 antibody-coated plate.
The concentration was calculated using the recommended dilution series of recombinant S. pyogenesCas9 and at least two different
dilutions of the VLP solution in PBS.

pegRNA quantification
For pegRNA quantification, RNA was extracted from the purified VLPs, which were also used for Cas9 quantification by the Quick-
RNA Viral 96 Kit, following the manufacturer’s protocol. Purified RNA was stored at "80 #C. RNA samples were subjected to DNase
digestion with DNase I (NEB) with the following protocol changes: the DNase concentration was doubled, and the incubation time
was extended to 15 min.

For standard curve generation, plasmids encoding pegRNAswere in vitro transcribed using theQuick T7 High Yield RNASynthesis
Kit (NEB #E2050), following themanufacturer’s protocol, which was adjusted for sgRNA synthesis as instructed by themanufacturer.
Transcribed RNA was purified using the Monarch RNA Cleanup Kit (50 mg) (NEB #T2040), and subsequently subjected to DNase
digestion as described above. The RNA concentration was quantified using the Qubit RNA High Sensitivity (HS) assay kit (Thermo
Fisher) according to the manufacturer’s protocol.

Standard and experimental samples were serially diluted in nuclease-free water. Reverse transcription was performed using
SuperScript IV Reverse Transcriptase (Invitrogen, 18090010) following the manufacturer’s protocol. Sequence-specific primers
(Table S1) were annealed at 65 #C for 5 min ramping down, followed by reverse transcription at 65 #C for 20min and heat inactivation
at 80 #C for 10 min.

For qPCR, Power SYBR Green Master Mix (Applied Biosystems, 4368577) was used according to the manufacturer’s protocol,
with a primer mix containing 900 nM of each forward and reverse primer (Table S1). Reactions were run in 384-well plates (11 ml
per well) in technical duplicates for 45 cycles. Control amplification reactions without reverse transcriptase were carried out as a
reference for each RT-qPCR run. The reactions were performed and monitored in an Applied Biosystems QuantStudio 12K Flex
Real-Time PCR system.

Subretinal injection
Prior to injection, VLPs were clarified by centrifugation at 17,000 rcf for 1 min at room temperature. Mice were prepared for
injection by sequential dilation with 1% tropicamide solution (Somerset Therapeutics #119758) and 2.5% phenylephrine solution
(Akorn #118050). Mice were anesthetized with a ketamine-/xylazine cocktail and GenTeal Severe 0.3% hypromellose gel
(Alcon #0065806401) was applied to the corneas. Under a surgical microscope (Zeiss), a corneal incisionwasmadewith a disposable
27G beveled needle before a 34G blunt injection needle connected to Silflex tubing (World Precision Instruments # RPE-KIT) was
advanced through the incision and into the subretinal space. 1 ml of VLPs were injected at 70 nl s-1, controlled by a UMP3 pump
(World Precision Instruments #UMP3-3). Anesthesia was reversed with atipamezole (Zoetis #10000449) and the mice recovered
on a heating pad prior to return to their cage.

Electroretinography (ERG)
Mice were dark adapted for 24 hours preceding the ERG recordings. Under a safety light, mice were dilated with topical administra-
tion of 1% tropicamide ophthalmic solution (Akorn #17478-102-12) followed by 10%phenylephrine ophthalmic solution (MWI Animal
Health #054243) and underwent anesthesia by isoflurane inhalation. The mice were placed on a Diagnosys Celeris rodent-ERG de-
vice (Diagnosys LCC, Lowell, MA, USA) equipped with a heating pad and hypromellose administration (Akorn #9050-1) for hydration.
Ocular stimulator electrodes were placed on the corneas, a ground electrode was placed subdermally in the rear leg and the
reference electrode was placed subdermally between the ears. Green-light stimulation (peak emission 544 nm, bandwidth
!160 nm) of -0.3 log (cd s m-2) was recorded from each eye. The responses for 10 stimuli with an inter-stimulus interval of 10 s
were averaged, and the a- and b-wave amplitudes were acquired from the averaged ERGwaveform. Data were analyzed with Espion
V6 software (Diagnosys LLC).

Retinoid analysis
Mice were dark adapted for 48 hours prior to sacrifice. Single, whole eyes were enucleated under dim red light and frozen on dry ice
before wrapping in aluminum foil and storing for a short-term at"80 #C. The whole eyes were unwrapped and allowed to thaw on ice
prior to Dounce homogenization in 1ml of a chilled, sodium-phosphate-based buffer containing hydroxylamine andmethanol (10mM
sodium phosphate, 100mM hydroxylamine hydrochloride, and 50%methanol by volume). Following incubation of the homogenates
at room temperature for 25 min, 2 ml of 3M NaCl and 3 ml of ethyl acetate were added to each homogenate. The tubes were
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vigorously shaken for 2 min to partition the retinoids into the ethyl acetate layer, then centrifuged at 3,220 rcf in a tabletop centrifuge
for 15 min at 20 #C. The top ethyl acetate layer was collected in separate tubes, and an additional 3 ml of ethyl acetate was added to
each tube. The shaking and centrifugation steps were then repeated, and the ethyl acetate fractions were consolidated for each sam-
ple. Following consolidation, each fraction was dried under vacuum at approximately 32 #C. The dried retinoids were resuspended in
400 ml of hexanes and centrifuged in a tabletop centrifuge at 16,100 rcf for 15min at 4 #C to pellet undissolvedmaterial. All steps prior
to loading onto the HPLCwere done in darkroom conditions with dim red illumination. The top 350 ml of each sample were placed into
amber HPLC vials and loaded into a normal-phase Agilent 1260 Infinity II high-performance liquid chromatograph (Agilent, Santa
Clara, CA) equipped with an Agilent Rx-SIL HPLC column (Neta Scientific, Hainesport NJ, cat #: 880975-901). The elution protocol
consisted of two steps; one less-polar elution step (99.4% hexanes: 0.6% ethyl acetate) for 20 min followed by a more polar elution
step (90% hexanes: 10% ethyl acetate) for 25 min, followed by a brief shift to the less-polar elution step for 5 min. Eluted retinoids
were detected spectrophotometrically by monitoring changes in absorbance at 325 nm and 360 nm. Retinoids were identified by
their elution times and spectra. To quantify individual retinoids in terms of pmol/eye, areas under each retinoid peak were multiplied
by conversion factors derived from standard curves that were generated for all-trans-retinyl esters, syn-11-cis-retinal oxime (deriv-
ative of syn-11-cis-retinal), or all-trans-retinal oxime (derivative of all-trans-retinal). These retinoid standards were dissolved in
hexanes.

Western blotting
After eyecups were isolated as described above for nucleic acid extraction, eyecups were immersed into 13c RIPA buffer with pro-
tease inhibitors (Roche # 04693132001). The eyecups were homogenized mechanically with a pestle before incubation for 20 min on
ice. The homogenates were then spun at 4 #C at 21,300 rcf for 20 min and supernatants were collected. Homogenates were then
cleared of mouse immunoglobulins via incubation for 15 min at 4 #Cwith Protein G Dynabeads (Invitrogen # 10003D). Protein lysates
were separated on a 4-12% Bis-Tris gel (Invitrogen # NP0323BOX) in 13 MOPS running buffer before fast wet transfer (GenScript
eBlot L1 # L00686) to PVDF membranes (Millipore # IPFL00010). The membranes were blocked with 5% non-fat milk in phosphate
buffered saline, pH 7.4 with 0.1% Tween-20 (PBS-T) for 1 h at room temperature with constant agitation before incubation with pri-
mary antibodies in PBS-T with 1% non-fat milk overnight at 4 #Cwith constant agitation. Primary antibodies in this study include anti-
RPE65 (1:1,000, clone KPSA1, produced in-house), anti-beta-actin (1:2,000, clone 13E5, Cell Signaling Technologies # 4970S), anti-
Cas9 (1:5,000, clone 7A9, Biolegend # 844301), and anti-MFRP (1:1,000, R&DSystems # AF3445). The following day, themembranes
werewashed 3 times for 10min eachwith PBS-T before incubation with secondary antibodies in PBS-Twith 1%non-fat milk for 1 h at
room temperature with constant agitation. Secondary antibodies in this study include donkey anti-goat IgG HRP (1:5,000, Thermo
#A16005), anti-mouse IgG HRP (1:5,000, Cell Signaling Technologies # 7076S), and anti-rabbit IgG HRP (1:5,000, Cell Signaling
Technologies # 7074S). The membranes were washed 3 times again for 10 min each with PBS-T before HRP detection with Clarity
Max substrate (Bio-Rad # 1705062)and then imaged on a Bio-Rad ChemiDoc.

Two-photon imaging
Two-photon excitation imaging was accomplished using our custom TP-imaging system based on a Leica TCSSP8 and equipped
with a 1.0 NA 203 water immersion objective and a Vision S (Coherent) Ti:sapphire laser delivering 950 nm 80 MHz pulsing light. To
image and spectrally separate GFP and tdTomato, two internal spectral detectors were used with their detection bandwidths set to
490–545 nm for GFP, and 590–680 nm for tdTomato. Intact mouse eyes were imaged ex vivo after euthanasia and enucleation. Leica
ASX 4.7.0.28176 and image J were used for the reconstruction of 3D stacks and quantification of transduced cells.

Design considerations
ENVLPE engineering
ENVLPE is based on the human immunodeficiency virus type 1 (HIV-1) gag protein. The first zinc finger motif within the NC domain
was modified by mutation of all cysteine residues to serines to prevent unspecific RNA binding, and the second zinc finger motif was
replaced with the aptamer-binding domain PP7 coat protein (PCP) to enable the binding and recruitment of mRNAmolecules tagged
with the PP7 aptamer (Figures 1A and S1A). VLPs containing mRNA information can be delivered to other cells when equipped with a
suitable surface glycoprotein such as VSV-G. VSV-G andmGreenLantern (mGL) with a PP7 aptamer in its 3’ UTRwere co-expressed
to determine essential elements required for efficient cargo delivery. Since proteolytic processing of VLPs is thought to be both crit-
ical and tightly regulated for VLP transduction efficacy, themost efficient VLP delivery systems are found to rely onmosaic constructs
wherein protease activity is provided by lentiviral Gag/Gag-Pol plasmids, such as psPAX2 with an inactivated integrase domain
(psPAXD64V). It was observed that HIV-1 protease was essential for the delivery of PP7-tagged mRNAs encoding mGL (mGLPP7),
as efficient delivery was abolished when the HIV-1 protease inhibitor darunavir was added during production (Figure S1B).
L21Swas introduced in theMAdomain ofGag,which had previously beendemonstrated to increase budding efficacy (Figure S1C).

Budding efficiency was enhanced by the L21Smutation, particularly when it was present in only half of the particle-forming Gag pro-
teins (Figure S1C). When PCP was grafted directly into the NC domain of Gag/Gag–PolD64V in an attempt to simplify the system, the
capability for efficient mRNA delivery was abolished (Figure S1D). The fraction of green fluorescence that could be attributed to
mRNA or protein delivery in transduced cells was subsequently investigated. When the CS1 aptamer was used to control for unspe-
cific packaging of mGL mRNA, green fluorescence was still exhibited by almost all recipient cells, although the mean fluorescence
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intensity (MFI) was drastically reduced. Co-transfection of microRNA (miR) targeting mGL mRNA reduced the MFI to the level of un-
specific controls. This suggests that althoughmost of the green fluorescence was a result of successful mRNA delivery, a substantial
amount of mGL protein was non-specifically co-packaged into VLPs and co-transferred into recipient cells (Figure S1E).

To provide a calibration for the performance of themosaic Gag/Gag–PolD64V + Gag-PCP system compared to recently published
experiments with de novo protein cages,70 EPN-24-PCP nanocages with a C-terminal fusion of PCP or single-chain tandem-PCP
were compared and found its MFI to be on the same level as the Gag-PCP without Gag/Gag–Pol, but 8-fold lower than Gag-PCP
co-expressed with Gag/Gag–PolD64V and the integrase-deficient Gag–Pol (Figure S1F).

Notably, observations from mRNA delivery did not translate seamlessly to RNP delivery. For example, while the unsuccessful at-
tempts to omit Gag/Gag–PolD64V indicated that certain factors of Gag–Pol are crucial for efficient mRNA delivery, the cost of omit-
ting Gag–PolD64V was much smaller when delivering RNPs (Figures S1F and S3C). Remarkably, while RNP delivery is apparently
less dependent on Gag/Gag–PolD64V, no signal from non-specific packaging could be detected (Figure 1E), even though a substan-
tial amount with mRNA delivery was observed (Figures S1C and S1E). This effect could be attributed to the fact that the (digital) edit-
ing reporter is less sensitive to non-specifically packaged amounts of protein, especially since this is one way that ‘empty’ Cas9 moi-
eties can be packaged with VLPs.

Incorporation of the PP7 aptamer into the 3’ UTR could additionally allow iPE mRNA to be packaged into the functional RNP, but
instead led to a decrease in editing efficacy (Figure 1E), suggesting a potential interference of mRNA cargo recruitment/loading with
transcription. Competition between mRNA and (pe)gRNA for PCP binding sites could be eliminated as the cause for this effect by
including PP7-tagged decoy mRNAs with unrelated functions, which are not expected to affect editing activity. When the individual
components unique to Gag/Gag–PolD64V were examined more closely, small effects were found for each, which may have the po-
tential to add up. Interestingly, the negative effect of protease inhibition by darunavir or knockout on VLP production and/or RNP
delivery was rather small compared to mRNA delivery and occurred even when darunavir was added during transduction
(Figures S1B andS3D). Beyond the protease, it remains unclear how the effects of the respective KO variants in Figure S3D aremech-
anistically related to VLP assembly or RNP packaging or why RNA delivery wasmore affected by the absence of Gag/Gag–PolD64V.
While this could be related to cargo size (as RNPs are much more spatially compact than mRNAs), it is conceivable that HIV-1 Gag/
Gag–Pol is also mechanistically involved in mRNA cargo loading, e.g., by providing a properly matured nucleocapsid (NC) structure
and thus mediating mRNA condensation.

Next, the stoichiometry of all ENVLPE components was optimized (Figures S3E and S3F). Optimal results were obtained when a
slight excess (2:1) of cargo over VLP was used. Regarding the ratio of each budding component, Gag/Gag–PolD64V gave ideal re-
sults when supplied in slight deficit in relation to engineered Gag-PCP. As a ratio of 1:1 was already close to optimal, a combined
plasmid was constructed where both components are expressed at identical strength (Gag/Gag–PolD64V & GagNLS-
NES_DZF2+L21S-PCP, both driven by a separate hybrid CAG promoter on the same plasmid). The optimal ratio for RNP formation
appeared to be a 3-fold excess of pegRNA over the prime editor, which should be transferrable to other Cas9 effector strategies
as well.

The cargo release mechanism was investigated and optimized in the next step. If the RNP remained tethered to the NC domain in
the recipient cell after maturation, the NES of the shuttling domain would likely prevent the nuclear import of the genome editing RNP
complex. However, no additional benefit was observed when the NES was repositioned to the C-terminus downstream of the
budding domain (p6) (Figures 1H and S3H), indicating that the non-covalent interaction of PCP–PP7 is sufficiently amenable to a local
concentration decrease in the recipient cell to shift the equilibrium and facilitate cargo release.
Csy4 increases PE efficacy by 3’ protection
To ensure that the improved efficacy of protective Csy4 did not just compensate for potential suboptimal PCP grafting into Gag, the
PCP–PP7 system (PCP grafting in NC) was benchmarked to variants with alternative grafting positions (grafting downstreamof the p6
domain), which has been previously reported to be a viable option.71 Since PCP binds as a homodimer to the PP7 aptamer, variants
encoding tandemcopies of PCP (tdPCP) were compared. Indeed, the previous PCP–PP7-based setupwas already the best perform-
ing compared to alternative graft positions and tandem variants (Figure S5B, PCPZF2 > tdPCPC-terminus > tdPCPZF2 > PCPC-terminus).

Harnessing the COM–Com aptamer system as an alternative for PCP–PP7 was also evaluated by introducing Com into either the
scaffold or the 3’ end of the pegRNA while fusing the Com-binding protein COM to the C-terminus of Gag (Figure S5C). While COM-
based ENVLPE worked in general, its performance was reduced compared to the PCP-based ENVLPE setup, which could be ex-
plained either by the lower affinity of the COM-Com system or suboptimal RNA-folding of the com aptamer. This result still empha-
sizes the modularity of an aptamer-based recruitment mechanism that can be quickly adapted to other aptamer systems of choice.
Csy4 for 3’-protection and cargo recruitment
After discovering that the recruitment functionality in ENVLPE can be quickly adapted to other aptamer systems beyond PCP–PP7
(Figure S5C), the possibility of Csy4 fulfilling both functions simultaneously was investigated: 3’ protective function and cargo loading,
harnessing its exceptionally high affinity for the C4 aptamer. For that experiment, the PCP domain was replaced with a C-terminally
fused Csy4 domain (Figure S6A), which would be responsible for both recruiting and stabilizing the RNP complex (Figure S6B).
Remarkably, this mode of packaging (ENVLPECsy4) also drastically improved prime editing efficacy (Figure S6C), similar to the com-
bination of PCP–PP7 recruitment and untethered Csy4-mediated stabilization. Initially, a fusion of Csy4 to the C-terminus of Gag was
tested since Csy4, in contrast to PCP, is monomeric, so the assumption was made that interference with the budding process is less
likely. Indeed, no differences were evident in whether Csy4 was C-terminally fused or, as PCP previously, grafted into the NC domain

ll
OPEN ACCESS

e11 Cell 188, 1–19.e1–e12, May 15, 2025

Please cite this article in press as: Geilenkeuser et al., Engineered nucleocytosolic vehicles for loading of programmable editors, Cell (2025),
https://doi.org/10.1016/j.cell.2025.03.015

Article



of Gag (Figure S6D). In this instance, the effect of the omission of PP7 and evopreQ1 was investigated, as Csy4 now covered both
functions, recruitment and protection. PP7 could be eliminated without consequence if the C4 aptamer was moved downstream of
evopreQ1 to the 3’ of the pegRNA, suggesting that a linker sequence separating C4 from the PBS is required for optimal ENVLPECsy4

performance (Figure S6D).
Alternative strategies for 3’ protection
Alternative strategies were explored in which the protection and processing of the pegRNA 3’ end are performed in separate steps.
For this experiment, a cleavage-inactive dCsy4 (Csy4H29A) mutant of Csy4 was tested, which supposedly fully retains its high affinity
for the C4 aptamer, and combined with the self-cleaving HDV ribozyme motif added to the 3’ end of the pegRNA (Figure S9A). While
this strategy should, in theory, lead to the same protected 3’ end as with active Csy4, it could not provide any additional benefit over
evopreQ1 alone (Figure S9B). Placing an HDV ribozyme between evopreQ1 (Q1) and the polyU motif with varied spacer nucleotides
between Q1 and HDV led to a significant improvement over Q1 alone (Figure S9B), indicating that precise processing by HDV ribo-
zyme to remove 3’-unpaired nucleotides provided additional protection against 3’-exonucleolytic attack, but still was outperformed
by the dedicated Csy4/C4 protection module. Attempts using alternative structured motifs were also proven unsuccessful when
compared to evopreQ1 alone (Figure S9C).
Evaluation of 3’ protection in BE and Cas9 mode
Next, it was investigated whether the improvements of Csy4 protection can be transferred to conventional gRNA-based effectors.
Since 3’ extensions are usually accompanied by amajor decrease in Cas9 activity (while loopmodifications are generally better toler-
ated), both PP7 aptamer engraftments were examined (Figure S10A) but no benefits of Csy4/C4 protection in Cas9 ENVLPE (Fig-
ure S10B) or BE ENVLPEs (Figure S10C) were found.
Engineering minimal, homomeric shuttling vehicles
In-depth investigations into the necessary functionalities in a minimal budding and RNP transfer system resulted in miniENVLPE that
also benefits from the dedicated untethered Csy4/C4 protection; however, functional replacement of PCP by Csy4 for direct recruit-
ment of the cargo in miniENVLPE (miniENVLPECsy4) performed very poorly in a direct comparison (Figure 4E).
When the protease (PrD25A) in ENVLPECsy4 and PCP-based ENLVPE was inactivated, it only caused a significant 20% decrease in

efficacy for ENVLPECsy4 (Figure S11C) but not in PCP-based ENVLPE (Figure 4F), indicating that ENVLPECsy4 is more dependent on
proteolytic release. Also, the omission of Gag/Gag–PolD64V (containing the protease domain in the Pol frame) is much more detri-
mental for ENVLPECsy4 (Figure S11D) than for PCP–PP7-based ENVLPE (Figure S11A). This result supports the proposed ap-
tamer-mediated release mechanism for the PCP–PP7 pair since the more stable Csy4–C4 interaction presumably adds a constraint
to cargo release, which can then be alleviated again by additional proteolytic activity.
Importantly, ENVLPECsy4 with DGag/Gag–PolD64V was almost completely inactive as a homomeric formulation (Figure S11D),

beyond what was to be expected from the data on miniENVLPECsy4 (Figure 4E). It is, therefore, possible that the dimerization of
PCP could have contributed to particle assembly, while Csy4 lacks such a property but was compensated for in miniENVLPE
with GCN4.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics were calculated as specified in each figure using Prism (v.10, GraphPad). Mean and standard deviation (SD) were calcu-
lated across biological replicates.
For next-generation sequencing experiments, precision was calculated as the proportion of correct editing events among all edit-

ing events (correct/(correct + error) 3 100).
We made an effort to reduce any biases introduced during the sample preparation by using master mixes and multichannel

pipettes.
No data were excluded from the analyses except for some FACS analyses where replicates were lost during sample processing,

and some next-generation sequencing analyses for which certain replicates had to be excluded from calculating the mean value due
to obvious technical errors (no reads).
Details on all performed statistical tests are provided in Table S2.
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Supplemental figures

Figure S1. Investigation of relevant factors and general capability of ENVLPE to facilitate mRNA delivery in HEK293T cells, related to design
considerations in STAR Methods
(A) Illustration of mRNA packaging using non-shuttling Gag-PCP. The PP7 aptamer is encoded in the 30 UTR of the cargo mRNA. The VLPs were pseudotyped

with VSV-G.

(B) Effect of the protease inhibitor darunavir on mGreenLantern mRNA delivery. Darunavir was added during production (prod.), during transduction (TD), or both

(prod. + TD).

(C) Impact of including L21S mutation in the MA domain of Gag when introduced in Gag-PCP or Gag/Gag-PolD64V.

(D) Comparison of mGreenLantern mRNA delivery via Gag-PolD64V-PCP or the mosaic setup using Gag/Gag-PolD64V and Gag-PCP.

(E) Specificity of Gag-PCP toward PP7-tagged aptamers and the effect of microRNA (miR) transfection (depicted by TF).

(F) Comparison of EPN-24-PCP nanocage variants with Gag-PCP ± Gag/Gag-PolD64V setups.
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Figure S2. Impact of nucleocytosolic shuttling motifs on VLP-mediated packaging of CRISPR RNPs, related to Figure 1
(A) aa sequences of respective combinations of nuclear localization (NLS) and nuclear export sequences (NES) variants used in (B) and (C).

(B) Evaluation of different combinations of NLS or NES on the delivery of prime editors into the blue mGL HEK293T reporter line.

(C) Immunofluorescence staining of FLAG-tagged Gag variants carrying NLS or NES depicted in (A); 48 h post-transfection into HEK293T cells. Addition of 20 nM

leptomycin B (LMB) blocks XPO1/CRM1-mediated nuclear export of HIV-1 REV NES, resulting in nuclear accumulation of a nucleocytosolic shuttling protein

(indicated with a white arrow). The scale bar represents 50 mm.
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Figure S3. Optimization and characterization of the ENVLPE system for PE-RNP delivery in HEK293T blue mGL cells, related to Figure 1
(A) To determine the limiting component of the prime editor complex, either the mRNA encoding the prime editor protein or the pegRNA was transfected (TF),

while the complementary component was transduced (VLP). For the condition where only iPE was delivered via VLP, the iPE mRNA was tagged with a PP7

aptamer to enable recruitment (VLP*).

(B) While being transduced with ENVLPE carrying PE RNPs targeting the blue mGreenLantern reporter, recipient cells were additionally transfected with a miR

targeting the 30 UTR of the iPE mRNA to investigate if any proportion of PE efficacy originated from mRNA delivery instead. miR functionality was independently

verified in Figure S1E.

(C) Analysis of the impact on PE delivery when the L21Smutation, as well as the PCP domain, is included in one or both packaging components. To normalize the

total amount of packaging plasmid, the amount of an individual plasmid was doubled when used alone (++).

(D) Inactivation of indicated domains encoded in the 2nd generation IDLV packaging vector psPAX2D64V and the impact of the protease inhibitor darunavir.

(E) Co-optimization of mass stoichiometry between Gag/Gag-PolD64V and Gag-PCP (packaging plasmids) and the ratio between packaging and cargo plasmids.

The pegRNA:iPE ratio was set to 3:1 in all conditions.

(F) Co-optimization of mass stoichiometry between pegRNA and iPE (cargo plasmids), and the ratio between packaging and cargo plasmids. Gag/Gag-PolD64V
and Gag-PCP (packaging plasmids) were expressed 1:1 for all conditions.

(G) Effect of inserting the nucleocytosolic shuttling motif and PCP directly into the NC domain of Gag-PolD64V. Bars represent mean ± SD (n = 3 biological

replicates). Results of an unpaired t test are shown (****p < 0.0001).

(H) Illustration of NES repositioning from NC to C terminus of HIV-1 Gag, as used in Figure 1G.
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Figure S4. ENVLPE-mediated Cas9 delivery in reporter cortical neurons and transactivation of MAPT in HEK293T cells, related to Figure 2
(A) Delivery of Cas9 and PP7-tagged gRNA as RNPs targeting the enhanced traffic-light reporter (eTLRv2); eTLRv2 signals all possible indel events via read-

through activation of mGreenLantern in any of the three downstream ORFs. Double-strand breaks (DSBs) were quantified in hiPSC-derived cortical neurons

stably expressing eTLRv2 via FC. Bars represent mean ± SD (n = 3 biological replicates).

(B) Relative light units (RLUs) of aMAPTHEK293T reporter cell line after transductionwith dCas9-miniVPR ENVLPE to induceMAPT via CRISPRa. Bars represent

mean ± SD (n = 3 biological replicates). Results of an unpaired t test are shown (****p < 0.0001).
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Figure S5. Impact of Csy4/C4 protection in transient transfection settings, validation of PCP-grafting position, and assessment of the
versatility of the final pegRNA 30 configuration, related to Figure 3
(A) PE efficacies in blue mGL reporter HEK293T line transfected with plasmids (i.e., not transduced with ENVLPE) coding for iPE and different pegRNAs with the

indicated 30-modified pegRNAs in the presence or absence of Csy4.

(B) PE efficacies of ENVLPE variants with different grafting positions of PCP (dimeric) and tandem dimers of PCP (monomeric), quantified by FC of the blue

mGreenLantern reporter HEK293T cell line. NC indicates the replacement of the NC ZF2 domain with (td)PCP, while C denotes the C-terminal fusion of (td)PCP

downstream of Gag after p6. Bars represent mean ±SD (n = 3 biological replicates). Selected results are shown of Bonferroni MCT after one-way ANOVA analysis

(****p < 0.0001).

(C) Checking the com aptamer as an alternative to PCP/PP7 under non-saturating conditions (83 dilution). Experiments were performed on the blue mGL

HEK293T line. The position of the com aptamer in the pegRNA is denoted as sc, scaffold, or 30, 30 end. Bars represent mean ± SD (n = 3 biological replicates).

ll
OPEN ACCESSArticle



Figure S6. Using Csy4 for simultaneous high-affinity recruitment, related to Figure 3
(A and B) For the ENVLPECsy4 strategy, Csy4 was inserted into Gag NC analogously to ENVLPE in Figure 1A, with the only difference being that an additional

C-terminal fusion of Csy4 was tested. In this instance, the Csy4-C4 system can be utilized simultaneously for RNP recruitment and pegRNA stabilization by fusing

Csy4 to shuttling Gag, thereby replacing the PCP-PP7 interaction altogether.

(C) Editing efficacy in the blue mGL HEK293T line. The red curves represent ENVLPECsy4 (C-term. fusion), which employs the C4-Csy4 interaction for RNP

packaging and pegRNA stabilization, in comparison with ENVLPEPCP in combination with untethered Csy4 for pegRNA protection (blue curves, duplicated from

Figure 3B). Log2(VrelSN), relative transduction volumes in 23 dilution steps.

(D) Delivery of RNPs for PE via direct fusion of Csy4 to Gag (ENVLPECsy4) to test different orientations of the C4 and Q1 motifs on the pegRNA 30 end. ‘‘NC’’

denotes Csy4 grafting into the NC domain, ‘‘C’’ denotes fusion to the C terminus of Gag. Experiments were performed on the blue mGL HEK293T line. Bars

represent mean ± SD (n = 3 biological replicates). Data were analyzed using two-way ANOVA with Bonferroni MCT (****p < 0.0001).
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Figure S7. Evaluation of La/SSB-mediated 30-protection in the context of ENVLPE and context specificity of Csy4/C4 PE-RNP protection
system, related to Figure 3
(A) ENVLPE packaged with PE RNPs comprising the final 30-configuration PP7-C4-Q1 was compared with and without (un)tethered Csy4 expression under non-

saturated conditions (83 dilution) for prime editing efficacy on the blue mGL HEK293T line. Selected results of Bonferroni MCT after one-way ANOVA are

indicated (****p < 0.0001; **p < 0.01; *p < 0.05; ns p > 0.05).

(B) Comparison of ENVLPE-mediated delivery of Csy4/C4-protected prime editors vs. La/SSB-protected prime editors (PE7) across a range of VLP doses on the

blue mGL HEK293T line. The PE7 protection system is based on the fusion of an N-terminal fragment (aa 1–194) from La/SSB toward the C terminus of the prime

editor to bind and shield the poly(U) stretch of the pegRNA (with or without evopreQ1) from 30-exonucleolytic attack. Log2(VrelSN), relative transduction volumes in

23 dilution steps. Points represent n = 3 biological replicates (except PE7 PP7-Q1, where n = 2).

Selected results of Bonferroni MCT after one-way ANOVA are indicated for the 83 dilution (log2(VrelSN) = "3, ****p < 0.0001).
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Figure S8. Impact of VLPs on cell viability and cytotoxicity, related to Figure 3
HEK293T cells and hiPSCswere transduced with the indicated VLP systems. 48 h post-TD, cell viability, and cytotoxicity assays were performed. Puromycin 2 mg

mL"1 was used as a positive control for cytotoxicity. Selected results of Bonferroni MCT after one-way ANOVA analysis are indicated (****p < 0.0001; *p < 0.05; ns

p > 0.05).
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Figure S9. Evaluation of alternative Csy4-independent 30 stabilization strategies, related to Figure 3
(A) Depiction of the secondary structure of the pegRNA variant carrying PP7-C4-Q1 (left) used throughout the manuscript; and a variant (right) in which truncated

evopreQ1 (tevopreQ1) is followed by an HDV ribozyme to remove the 30-terminal poly(U) stretch, a product of RNA polymerase III promoter termination.

(B) Comparison of the different alternative strategies for 30-protection from 30-exonucleolytic attack. dCsy4 indicates a processing-defective variant of Csy4

(H29A), which retains its binding capability for its C4 motif. v1-v4 indicate different minor modifications in the exact placement between C4 or Q1 to the HDV

ribozyme with varying nucleotide linkers. Experiments were performed on the blue mGL HEK293T line. Data were analyzed via one-way ANOVA with Bonferroni

MCT (****p < 0.0001; **p < 0.01).

(C) Comparison of a variety of pseudoknot structures with and without a downstream HDV ribozyme as alternative 30-protection motifs. Experiments were

performed on the blue mGL HEK293T line. Data were analyzed via one-way ANOVA with Bonferroni MCT (****p < 0.0001).
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Figure S10. Effect of Csy4 protection on ENVLPE-mediated Cas9 delivery or BE, related to Figure 3
(A) Illustration of sgRNA structures, either with insertion of the PP7 aptamer into the scaffold in combination with the C4 aptamer and downstream tevopreQ1 at

the 30-end or all the components at the 30-end.

(B and C) Investigation of the effect of the C4/Csy4 protection strategy on ENVLPE-mediated Cas9 and BE delivery using the gRNAs scaffolds depicted in (A).

Csy4 was either co-expressed with the Cas9 effector via a 2A peptide (‘‘P2A’’), co-transfected as a separate plasmid (‘‘Co-TF’’), or fused to ENVLPE

(‘‘recruitment’’). For (B), indels were quantified via FC analysis of the TLR reporter cell line. For (C), on-target base edits and bystander edits of the endoge-

nous B2M locus in HEK293T cells were quantified via NGS. Results were analyzed via one-way ANOVA; selected results from Bonferroni MCT are indicated by

asterisks (****p < 0.0001; ns p > 0.05). sc, scaffold-PP7; 30, 30-PP7.
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Figure S11. Investigation of the ENVLPE size distribution and release mechanism, related to Figure 4
(A) Analysis of the impact of Gag/Gag-PolD64V co-expression on PE and PECsy4 efficacy for ENVLPE. Experimentswere performed on the bluemGLHEK293T line.

(B) Distribution of VLP radii in comparison with HIV-1 Gag measured by cryoelectron microscopy. The thick dotted line represents the median, while the thin

dotted lines constitute the quantiles. Results were analyzed by the Kruskal-Wallis test with Dunn’s MCT (****p < 0.0001; ns p > 0.05). Representative cryo-EM

micrographs of the respective species are shown on the right; HIV-1 denotes particles made of HIV-1 Gag/Gag-PolD64V expressed from psPAX2D64V. Scale bar,

50 nm.

(C) Investigating the protease dependence of ENVLPECsy4 by functional inactivation (PrD25A or omitting Gag-Pol (D) under non-saturating conditions (83 dilution).

Experiments were performed on the blue mGL HEK293T line.

(D) Benefit of CCGCN4 on chimeric and homomeric ENVLPECsy4 assemblies assessed under non-saturating conditions (83 dilution). Experiments were performed

on the blue mGL HEK293T line.

For (A), (C), and (D), selected results are shown from one-way ANOVA with Bonferroni MCT (****p < 0.0001; ***p < 0.001; **p < 0.01).

ll
OPEN ACCESSArticle



Figure S12. Assembly and RNP recruitment mechanisms in ENVLPE and eVLP variants, related to Figures 5, 6, and 7
The Cas9 effector protein binds the stabilized gRNA-Cas-effector ribonucleoprotein (RNP) complex in the nucleus; nucleocytosolic shuttling (NLS-NES) of Gag-

PCP enables binding of the fully assembled RNP via PCP-PP7 interaction. The system enables modular packaging of various RNP complexes and only requires

modification of the (pe)gRNA with a PP7 aptamer. Csy4 cleaves and protects the pegRNA in the RNP complex.

v,4 eVLPs consist of anMMLV-Gag fusion to a genome-editing effector protein of choice. The fusion protein shuttles between the nucleus and cytosol to package

the unprotected gRNA. In contrast to ENVLPE+, packaging of the Cas apo-enzyme (without gRNA) is possible; the genome editor is released after budding only

upon proteolytic processing of the Gag polyprotein by the protease encoded in MMLV Gag/Gag-Pol.
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Figure S13. Characterization of RNP loading into different VLP systems, increasing ENVLPE titers by switching from CAG to CMV promoter-
driven plasmids, and the benefit of PECsy4 for PE-eVLP-mediated RNP delivery, related to Figures 5, 6, and 7
(A) Quantification of Cas9 molecules per VLP matched with pegRNA molecules per VLP for ENVLPE and v3(b) PE-eVLPs. VLPs produced in 15-cm dishes were

purified by ultracentrifugation and resuspended in 1/1,000th of the original volume prior to analysis.

(B) Corresponding Cas9:pegRNA packaging ratios.

(C) Optimization of ENVLPE+ plasmid ratios at non-saturating conditions (83 dilution) after switching ENVLPE+ component expression to CMV promoter-driven

plasmids. The chosen ratio for the benchmarking experiments in Figures 5B–5D is indicated in dark green.

(D) To test the compatibility of the Csy4/C4 protection systemwith v3/v3b PE-eVLPs, Csy4 was supplied as a co-expressing plasmid from a separate plasmid for

the PE-eVLP systems. Experiments were performed on the blue mGL HEK293T line. Transduction was performed at 23 dilution. Selected results are shown of

Bonferroni MCT after one-way ANOVA analysis (****p < 0.0001; ***p < 0.001; **p < 0.01).
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Figure S14. Delivery of CreNLS mRNA to activate a red/green-reporter locus, related to Figure 7
(A) CreNLS mRNA-loaded ENVLPEs were injected in different volumes subretinally into the eyes of mT/mG reporter mice (2.533 108 particles mL"1 in PBS). Two-

photon excitation imaging-based 3D reconstruction of the posterior portion of intact mouse eyes are shown, 1 week after subretinal injection. Green-fluorescent

cells indicate successful reporter activation by Cre in the red/green-reporter locus. Oculus dexter (OD) indicates the right, Oculus sinister (OS) the left eye. For

each reconstruction, the total extent of x and y dimensions is 550 mm.

(B) Quantification of CreNLS mRNA delivery by ENVLPE vs. ENVLPE+ to a HEK293T reporter cell line carrying a green/red-reporter locus (inverse signal logic

compared with A). Log2(VrelSN), relative transduction volumes in 23 dilution series.
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Figure S15. Quantification of VLP titers using anti-p24 (HIV-1) or anti-p30 (MMLV) ELISA, related to Figures 6 and 7
(A) Quantification of ENVLPE+ and v3 PE-eVLP titers after ultracentrifugation prior to subretinal injections. The VLP amount per volume was calculated based on

the assumption that 2,500 HIV-1 Gag monomers (or 1,800 MMLV Gag monomers) form the capsid.

(B) Assessment of VLP titers for ex vivo BE of T lymphocytes.
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Figure S16. Correlation of in vivo editing of Rpe65 in rd12 mice with corresponding b-waves, related to Figure 7
Correlation plot of Rpe65 prime editing efficacy and functional restoration quantified by b-wave amplitudes in response to a light stimulus after

ENVLPE+-mediated iPECsy4 delivery; points correspond to the subset of matching pairs of data points also shown in Figures 7I and 7K.
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Figure S17. Characterization of pluripotency and neuronal differentiation of the blue mGL reporter iPSC line, related to Figure 1
(A) Schematic illustration of the PPP1R12C (AAVS1) locus with the inserted cassette encoding the blue mGL reporter as well as a puromycin N-acetyltransferase

mediating resistance to puromycin selection.

(B) Analysis of copy-number variation (CNV) in the context of the hiPSC genotype.

(C) Example immunostainings of hiPSC cell markers (POU5F1, NANOG, and SOX2) in the blue mGL cell line after CRISPR-Cas9-mediated knockin. Scale bar,

200 mm.

(D) Immunostaining to show the ability of the generated cell line to differentiate into all three lineages. Scale bar, 50 mm.

(E) Immunostaining of the cell line after differentiation into cortical neurons. Scale bar, 50 mm.
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Figure S18. Characterization of pluripotency and neuronal differentiation of the eTLRv2 reporter hiPSC line, related to Figures 2 and S4
(A) Schematic illustration of the PPP1R12C (AAVS1) locus with the inserted cassette encoding the enhanced traffic-light reporter eTLRv2 as well as a puromycin

N-acetyltransferase mediating resistance to puromycin selection.

(B) Analysis of copy-number variation (CNV) in the context of the hiPSC genotype.

(C) Example immunostainings of pluripotency markers (POU5F1, NANOG, and SOX2) in the eTLRv2 hiPSC, after CRISPR-Cas9-mediated knockin. Scale bar,

200 mm.

(D) Immunostaining to show the ability of the generated cell line to differentiate into all three lineages. Scale bar, 50 mm.

(E) Immunostaining of the cell line after differentiation into cortical neurons. Scale bar, 50 mm.
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Figure S19. Workflow of ENVLPE particle production, purification, transduction, and analysis, related to VLP production in STAR Methods
(A) Co-transfection of HEK293T cells with packaging, cargo, and glycoprotein plasmids. The cargo plasmids encode a PP7 aptamer-tagged (pe)gRNA and a

suitable genome-editing effector. 48–72 h post-transfection of the producer cells, the supernatant (SN) containing the VLPs was collected and sterile-filtered to

remove cell debris and leftover transfection reagents. Subsequently, the filtered SN was concentrated using a molecular-weight-cutoff filter (100 kDa).

(B) For pseudo-transduction (pseudo-TD) of the target cells, the supernatant was applied to the cells without exceeding 20% of the total volume of the recipient

cell’s original growth medium. For simplicity, pseudo-TD is always referred to as transduction/TD.

(C) To optimize the VLP system, cells were analyzed 72 h post-TD via targeted amplicon sequencing of the respective targets or FACS analysis if fluorescence-

reporter cell lines were used.
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Discussion 

Exonuclease-enhanced prime editors (Exo-PE)  

Design rationale  
Installing a prime edit requires multiple steps, which have to be completed in sequence for an 
edit to be successfully installed. After gRNA binding, DNA unwinding and nicking, the pegRNA 
PBS has to bind to the available 3’ flap and the RT has to carry out reverse transcription. 
Subsequently, the now elongated 3’ flap has to compete with the endogenous 5’ flap for 
incorporation into the double strand, and the nick has to be repaired. Lastly, the edit has to be 
propagated from the incorporated flap into the complementary strand, again facilitated through 
endogenous DNA repair. 
At each step, the process can fail: the PBS might disengage, reverse transcription could 
produce errors or be terminated prematurely upon RT disengagement, or the original flap might 
be incorporated again. Even after successful flap incorporation, cellular DNA repair might 
reconstitute the original sequence at the target locus. As with nucleases, the same RNP might 
engage a given locus again; however, this is rendered unproductive if the inherently less stable 
3’ extension of the pegRNA has already been degraded in the meantime by exonucleases or 
the RNase H domain within the RT.  
It is therefore highly desirable to optimize the kinetics of prime editing to yield better results, as 
many studies have sought after already: Methods to prevent pegRNA self-inactivation or 
enhance RT activity have successfully increased PE efficacy. PE3 introduces a second nick 
to “confuse” endogenous DNA repair, and with both strands now having acquired a nick, the 
cellular repair machinery is supposedly not biased towards edit rejection anymore by the 
presence of an intact, unmodified strand, shifting the equilibrium towards edit propagation. PE4 
also targets the last step of edit propagation, but by inhibiting MMR outright.  
 

 
Figure 1: Continued prime editing process after a synthesized strand was reverse transcribed into the 3’ flap of a 
target locus. After flap incorporation, the edit also needs to be propagated to the opposing strand. Flap incorporation 
can be supported by selectively digesting the endogenous flap via 5’ exonucleases. 
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In contrast, the bottleneck of flap competition, while clearly identified, had intriguingly not yet 
been targeted further at the time. It was presumed that human endogenous exonucleases such 
as EXO1 and FEN1 were responsible for 5’ flap degradation6, and FEN1 knockdown did lead 
to a decrease in editing efficacy8. However, FEN1 overexpression did not yield a benefit42,46. 
We hypothesized that a beneficial effect might still materialize if a 5’ exonuclease would be 
actively recruited to the location of the 5’ flap in the correct spatial orientation, and therefore 
tested multiple exonucleases with different modes of recruitment. Untethered co-expression of 
any 5’ exonuclease was unsuccessful, even though this had worked for the RT domain as 
another critical PE component59. 
We eventually found that only recruitment of the phage-derived T5 exonuclease, and to a 
lesser degree the T5-like exonuclease from Klebsiella pneuomoniae siphophage “Sugarland”, 
could effectively increase PE efficacy. Unlike other tested exonucleases, T5 exonuclease and 
presumably also T5-like Sugarland possess 5’ flap endonuclease activity187,188, and we 
wondered if flap endonuclease activity might in fact be responsible for 5’ flap degradation 
during PE. However, subsequent attempts to isolate this flap endonuclease activity by 
specifically inactivating the exonuclease domain188 were unsuccessful in the PE context (not 
shown). 
It is a possibility that there are other, more effective methods to degrade the 5’ flap or assist 
flap incorporation in any way, either through exonucleases or other enzymatic functionalities. 
As of now, there is a convergence towards T5 exonuclease, even though the mechanistic and 
kinetic details have not yet been elucidated. An independent study on plants conducted by 
Liang et al. followed the same rationale of specific 5’ flap degradation, and successfully 
enhanced PE via N-terminal fusion of the T5 exonuclease, which was also in their study the 
only effective exonuclease variant189. Based on their results, we had re-evaluated the N-
terminal fusion of T5 exonuclease to the PE complex post-publication, but our aptamer 
recruitment strategy remained superior (not shown). Further contrary to our study, they also 
report a benefit for small and substitution-type edits. Plant cells are known to be more 
challenging for PE, likely due to polyploidy, limited pegRNA expression, and diverging cellular 
determinants190. These barriers could have helped to detect a benefit of 5’ flap degradation for 
substitution-type edits that we could not observe. 
Lastly, while they attempted the aptamer recruitment strategy as well, it led to a drastic 
decrease in editing below PE2 levels in their hands. In their design, the aptamer was 
presumably terminally attached to the 3’ end of the pegRNA, following the design of an older 
study191 where this was only shown with gRNAs. The decrease in efficacy below PE2 levels 
therefore might indicate suboptimal spatial orchestration of the exonuclease domain, but more 
fundamentally a destabilizing effect of the aptamer graft within the pegRNA itself. pegRNAs 
tolerate 3’ modifications in principle30, but a stable hairpin right next to the scaffold might still 
obstruct its secondary structure or lead to context-dependent destabilization. 
A number of other studies have utilized aptamer grafts into the (pe)gRNA scaffold for various 
purposes such as effector recruitment192, template recruitment31,52,59 or packaging into cell-
derived particles137,181, finding that multiple stem loops within the gRNA scaffold are viable 
integration sites to some degree. While we have opted for the tetraloop in this study (historically 
the junction between crRNA and tracrRNA), we did not comprehensively screen other options. 
Therefore, the possibility remains that a different grafting position might be better for pegRNA 
stability or for proper orientation of the 5’ exonuclease.  
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Compatibility with other edit types, PE strategies and PE enhancers 
Exo-PE provides the biggest benefit for insertion-type edits, for which a large, 
thermodynamically unfavored flap has to compete against the endogenous flap. We observed 
that there is no benefit for single-base substitutions, suggesting that the novel flap is already 
thermodynamically competitive enough so that it could not be further supported through 5’ flap 
degradation. While this was not tested in the study, Exo-PE could also be beneficial for 
deletions, where it would be helpful to degrade not only the 5’ flap, but also more of that strand 
behind it. Even though exonuclease and flap endonuclease activity is generally limited to 
ssDNA substrates, it might still be valuable to investigate experimentally.  
 
In many cases, additive effects can be expected from independent optimizations of the PE 
process. For instance, improved prime editor proteins or pegRNAs perform consistently better 
across a variety of combinations and strategies8,35. Conceiving the steps of flap competition 
and edit incorporation during PE as separate bottlenecks, one might correspondingly assume 
that a beneficial effect would arise from alleviating both bottlenecks simultaneously, such as 
through a combination of Exo-PE with PE3 and/or PE4. But since PE4 is only beneficial for 
small edits8 and Exo-PE conversely only for larger insertions, we did not expect any additive 
effects from an “Exo-PE4” combination. Indeed, depending on the edit type, we observed in 
our study that Exo-PE4 was either on par with PE4 or with Exo-PE. 
As we also observed, PE3 can efficiently facilitate larger insertions on its own, but that is 
associated with a substantial amount of unintended InDel events because of the staggered 
DSB. This was evident in particular by most deletions precisely spanning the sequence space 
between both nicks. In comparison, the precision profile of Exo-PE did not differ from that of 
PE2. Intriguingly, the combination of Exo-PE with PE3 (Exo-PE3) mainly led to an increase in 
InDel events compared to both Exo-PE and PE3 individually. This could suggest that the 
propensity of dual-nick strategies to cause deletions is actually amplified, advising caution 
towards combining flap degradation with dual-nicking. 
Consequently, the combination of Exo-PE with dual-pegRNA strategies has not been further 
assessed in our study, as like PE3, they lead to a staggered DSB through dual-nicking, 
generally increasing the prevalence of InDel events. However, there is still some potential for 
an additive effect of Exo-PE: Dual-pegRNA approaches generate two perfectly complementary 
flaps to bypass the second bottleneck of edit incorporation entirely, as now both novel 5’ flaps 
together replace the endogenous 3’ flaps. This might change the mechanism through which 
InDel events occur, and Exo-PE could still aid the process towards edit incorporation by 
removing the endogenous flaps, perhaps even in combination with HDR enhancers to further 
increase precision. 
In the more recent strategies prime assembly72,73 and EXPERT74, endogenous 5’ flaps might 
also still compete with edit incorporation, leaving some potential for a beneficial effect with 
Exo-PE. Nonetheless, an additive effect is not guaranteed and hard to predict. This also holds 
true for the combination of Exo-PE with other PE advancements, perhaps to a lesser degree 
since the bottlenecks at which they engage are often quite separated. With this disclaimer in 
mind, it is possible that Exo-PE performance increases further, as it has before, when 
combined with the latest advances regarding pegRNA stabilization51, HDR enhancement24,193 
or optimized PE proteins53. Improving RT activity40,41 might be particularly helpful for longer 
insertions, which require correspondingly long RT templates to be successfully transcribed. 
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Since Exo-PE displayed scaffold readthrough and integration in some cases, chemical 
pegRNA modifications to prevent readthrough36 would also be applicable. 
Arguably, the biggest synergy could arise from a combination of Exo-PE with recombinase 
strategies, similar to PASTE70 and PASSIGE71 where PE was leveraged to introduce 
recombination site “landing pads” for the subsequent integration of multi-kilobase dsDNA 
donors. Exo-PE also demonstrated this utility already via FRT site insertions, but we have not 
yet followed that up with the corresponding Flp recombinase. Bxb1 was the recombinase of 
choice in the majority of studies, but there are other options194–196. 
 

Utility and limitations for research and therapy 
We see the main utility of Exo-PE in synthetic biology and cell engineering, where it could 
assist researchers in their gene editing endeavors without much additional effort. An obvious 
application would be the introduction of affinity tags to surface proteins, or markers to other 
proteins of interest. We have already demonstrated the benefit of Exo-PE for tagging 
endogenous proteins with fluorescence complementation tags, as it was previously shown on 
a comprehensive level through ssODN knock-ins197. With prime editing however, such tags 
can even be installed in non-dividing cells unavailable to HDR, a capability also valuable for 
molecular recording techniques198,199. Sequential PE approaches are particularly dependent 
on high precision, as any editing error would likely terminate the process. Especially when 
longer insertions are used199, Exo-PE could enhance efficacy without sacrificing precision. 
Where precision is not a concern and PAM’s are widely available, dual-pegRNA approaches 
might remain the default option for efficacy reasons. 
 
After the first CRISPR cell therapy had received approval in 2023, the next-generation editing 
techniques are now also entering the clinic: BE has recently seen remarkable success in an in 
vivo human gene therapy200, and PE has entered its first clinical trial, although as an ex vivo 
therapy201. Based on the extended range of genetic diseases alone that could theoretically be 
targeted, PE as a therapeutic strategy addresses a significant unmet medical need. 
To further advance PE into the clinic and make it viable also for in vivo therapies, a number of 
challenges have to be overcome, not all of which are PE-specific. While there are remaining 
concerns of genotoxicity87 and even a report on unintended enzymatic activity202, its precision 
and off-target editing profile seems to be generally preferable203. PE could also benefit from 
innovations to make gene editors more easily applicable56,204–207 or more specific and 
effective208–210 for any given target sequence where a genetic defect might be located. But 
owing to its complex process, PE still lacks efficacy compared to nucleases and also base 
editors, and the translation of various efficacy-enhancing strategies might prove difficult for a 
multitude of reasons. For instance, off-target editing and precision issues of PE3 and other 
dual-nick strategies might be amplified during persistent expression. Enhancer proteins and 
compounds would have to be assessed in regard to their immunogenicity and toxicity profile. 
And lastly, there might be additional issues regarding formulation, manufacturing and 
compatibility with suitable delivery vectors. There are a number of studies reporting PE-related 
innovations with a dedicated focus on clinical translation, such as AAV compatibility58–60 and 
the development of minimally immunogenic nucleases211. A recent study even leveraged 
artificial intelligence to generate a synthetic CRISPR nuclease, which was released for 
commercial use212. 
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But as mentioned in the introduction, permanent expression of gene editors is likely not a viable 
strategy due to elevated immunogenicity and off-target editing. Many PE(-related) strategies 
consist of a complex composition of different molecules (short RNA, dsDNA, protein/RNP), 
feature treatment with additional compounds or have specific manufacturing requirements, and 
their clinical (or even in vivo) development therefore hinges on a match with suitable delivery 
vectors and manufacturing processes. This would also apply to Exo-PE, and the benefit of its 
addition would have to outweigh its risks. It is currently unclear how efficiently any PE strategy 
could facilitate complex edits in a scenario where the editing machinery and any modulators 
are only available transiently and at low abundance. Complex edits are certainly also 
therapeutically relevant, from stretch replacements to cover a variety of pathogenic mutations 
to substituting entire genes. But while recent developments demonstrate that PE research is 
far from exhausted, it remains to be seen if PE is the best technology for large insertions, with 
other alternatives on the horizon and more contestants emerging. Naturally, those would also 
have to adapt to the challenges of targeted delivery if developed towards therapeutic editing. 
 
A sizeable amount of research has focused on the ability of programmable systems and for 
targeted, size-unrestricted and DSB-free insertions213, which is arguably the “holy grail” of 
genome editing. CRISPR-associated transposases (CASTs)214–216 have been a major avenue 
towards this goal, facilitating insertions on the kilobase scale without causing DSBs. Initially 
displaying very low efficacy, they were continuously optimized and recently also subjected to 
directed evolution, which yielded evolved CAST systems217. In a technology called “STITCHR”, 
CRISPR-guided retrotransposons were recently utilized for the first time for targeted 
insertions218. But there are also non-CRISPR examples, such as recombinase fusions to DNA-
binding domains to enable target site programmability219–221. An entirely different approach is 
“bridge recombination”, where recombination between two DNA molecules is guided by a 
programmable ncRNA222. 
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Engineered nucleocytosolic vehicles for loading of programmable 
editors (ENVLPE)  
Within the quite crowded space of VLP delivery, ENVLPE can be considered as the latest 
addition to the group of (pe)gRNA-focused RNP delivery tools, demonstrating for the first time 
recruitment of a PE complex via aptamers. In this chapter, the design rationale, particular 
innovations and remaining bottlenecks of ENVLPE will be discussed in detail and in context of 
the available literature. A major bottleneck for delivery is also targeted and tissue-specific cell 
entry, which VLPs facilitate like LVs via fusogenic glycoproteins. Glycoprotein engineering 
approaches applicable for VLP pseudotyping are therefore also discussed. 
 

 
Figure 2: Parameters determining the efficacy of a cell-derived gene editor delivery technology, which can be 
affected/optimized explicitly or implicitly by various design choices on both the editor and the delivery vector level. 
 

From mRNA to RNP delivery via aptamer recruitment 
Our VLP design was initially conceived to package non-coding and intronic RNA transcripts223, 
modeled after a design from Prel et al. for mRNA delivery175. We then adapted this to the 
delivery of gene editors and gRNA recruitment using the pegRNA design from our other 
previous study Exo-PE, even though the general concept of effector recruitment via aptamer-
modified gRNAs was of course already available otherwise191,224. This development process 
bears intriguing similarity to the development of other aptamer-based VLPs181,185, which also 
started out as mRNA delivery tools in the respective groups176,178. In fact, one of them justified 
their switch from mRNA delivery to RNP delivery the exact same way, also observing that 
separate delivery of gRNAs was highly inefficient compared to co-delivery with Cas9185. It is 
likely that all previous approaches claiming to co-deliver Cas9 mRNA with sgRNAs 
preferentially (or even exclusively) packaged Cas9 RNPs instead, which was notably 
recognized as a possibility in the first study already179. 
Another study later claimed that they had observed additional benefit by co-packaging Cas9 
mRNA184, something which we also explicitly checked but were unable to confirm. However, 
this disagreement could be rooted in optimization issues, as gRNA trafficking and stability in 
this study was arguably suboptimal compared to ENVLPE. 
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ENVLPE innovations, limitations and further opportunities 
The aptamer recruitment mechanism enabled a number of key innovations, with overlaps and 
co-dependencies. Specifically, we introduced the concept of (pe)gRNA shuttling and put a 
large emphasis on (pe)gRNA stability and the delivery of intact RNP complexes. The high 
modularity that comes with aptamer recruitment enables compatibility with recent and future 
gene editing developments, and also positions ENVLPE as an engineering platform for 
novel delivery vehicles constructed from custom building blocks. 
 
Active gRNA shuttling 
While strategies for protein delivery are very straight-forward and similar across many studies, 
strategies for gRNA packaging have been more complicated and diverse. Early studies 
encoded it on a lentiviral transgene150,155, but subsequent studies then compared this to mere 
co-expression of the gRNA in the producer cell and observed no significant difference. This 
led to the conclusion that the gRNA would automatically associate with Cas9, and could be 
easily co-packaged as RNP complex. In contrast, aptamer-based approaches actively recruit 
gRNA, either alongside Cas9 mRNA or deliberately as “handle” for RNP recruitment.  
 
We showed that active trafficking of the gRNA component into the cytosol increases the editing 
efficacy of the resulting VLPs, reasoning that they should be preferentially localized at the site 
of particle assembly. However, this hypothesis is only scarcely entertained in previous 
literature. In the VesiCas study126, gRNAs were produced in the cytosol via T7 polymerase-
dependent transcription explicitly for this purpose, but the lack of any active recruitment, in 
combination with the nuclear localization of Cas9, likely had a negative impact on gRNA 
stability and RNP packaging efficiency. The NanoScribes study deployed Pol II-dependent 
transcription of gRNAs combined with intronic processing168. While they reference the 
circumvention of U6 promoter-dependent features like the +1 G transcription start and 
polyuridine termination as design rationale, the potential benefit of their design for pegRNA 
localization and stability is only acknowledged as an additional possibility in the discussion168. 
 
Meanwhile, ENVLPE features the most deliberate and likely most effective design to date 
towards optimizing the abundance of stable RNP complexes in the cytosol for packaging into 
VLPs. With ENVLPE, (pe)gRNAs are transcribed in the nucleus, but transported into the 
cytosol by a shuttling aptamer-binding protein. Nucleo-cytosolic shuttling does also exist as an 
endogenous process225,226, which we mimicked through the combination and balancing of NLS 
and NES motifs, as shown in a study on Cas13d227. The same study also tested RNA export 
motifs attached to the gRNA, which however performed worse. 
Intriguingly, a combination of NLS and NES motifs was utilized with the fusion-based eVLPs163 
and Cas9-EDVs172, although for a different purpose: Cas9 carries NLS motifs for efficient 
nuclear transport in the target cell, but since nuclear localization of the gag-Cas9 fusion protein 
is not ideal for particle assembly in the producer cell, NES motifs are also introduced 
somewhere within the gag domain as compensation, separated from the NLS by a protease 
cleavage site. Cas9-NLS is then released after virion maturation, and can freely translocate in 
the target cell. 
While these fusion constructs are potentially capable of shuttling, they were not specifically 
designed for the purpose of gRNA retrieval. This is also evident by the design of v3b PE-eVLPs: 
Com-tagged pegRNAs are additionally recruited by a gag-com-pol construct, which however 
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contains neither NLS nor NES motifs. To faciloitate pre-assembly of RNP complexes in the 
nucleus, shuttling of an entire gag-Cas9 fusion protein is presumably not ideal either. 
 
(pe)gRNA design and  stabilization 
ENVLPE was designed under the assumption that the gRNA is the least stable component 
during RNP delivery, and that its design should follow the purpose of maximizing the packaging 
of functional RNP complexes. Therefore, gRNAs should engage into an RNP complex as early 
as possible, and recruiting the RNP via the gRNA ensures that no Cas9 apo-enzymes would 
be packaged. While packaging of a “naked” (pe)gRNA is possible in principle, it is likely highly 
disfavored against assembled RNPs: We and other studies have observed that packaging of 
naked (pe)gRNAs is highly inefficient179,181, presumably due to their instability. 
Stability is a bigger concern for pegRNAs compared to gRNAs, because their 3’ end is exposed 
and also functionally essential. Multiple studies have therefore focused on increasing the 
stability of pegRNAs specifically35,50. Stability becomes even more important in a low-
abundance environment like VLP delivery, where even chemical modification is not possible. 
Consequently, some VLP studies have taken additional measures168,174. With ENVLPE, the 
elevated stability requirement of pegRNAs is accounted for in two ways: By introducing the 
aptamer downstream of the RT template at their most vulnerable spot, it is ensured that only 
3’-intact pegRNAs are packaged. More importantly though, the Cas6f/Csy4 system is deployed 
as an additional 3’ protection mechanism. 
 
The original function of Csy4 pertains to the processing of crRNAs228,229, and has consequently 
also found use in processing gRNA arrays230. Csy4 binds to its target aptamer with high 
affinity231, cleaves off any downstream nucleotides and remains bound tightly to the 3’ end229. 
These properties make Csy4 well-suited to stabilize any RNA, and it has consequently been 
utilized at the 3’ UTR of mRNAs232, even to a degree where it promoted backsplicing233. As an 
aptamer, it naturally also found use for effector recruitment191. 
Csy4 has already been implemented for prime editing on multiple occasions and for various 
purposes: In a study by Liu et al., Csy4 is used to prevent pegRNA self-inhibition, and also to 
process a pegRNA and an sgRNA from a single transcript30. Feng et al. used Csy4 to recruit 
an untethered RT domain to Cas931. Lastly, Huang et al. deployed Csy4 to process a pegRNA 
from the intron of an mRNA transcript234, which was later adopted by Halegua et al. in the 
development of the NanoScribes VLP system168. But intriguingly, none of these studies 
explicitly reference pegRNA stability as a design rationale, only Halegua et al. acknowledge 
the potential for increased stability as a possibility168. 
In each case, the aptamer was placed at the 3’ end of the pegRNA in at least some designs, 
for which a stability increase would be expected. However, none of them except Halegua et al. 
worked on VLP delivery, but with DNA transfection instead. During the development of 
ENVLPE, we have also tested Csy4 in DNA transfections, but a beneficial effect on editing 
efficacy was only observed after implementing it into VLP delivery. Fittingly, Halegua et al. also 
reported that the strategy of intronic pegRNA processing was less beneficial in DNA 
transfection experiments. It is therefore likely that the effect of Csy4 on pegRNA stability 
remained elusive to those other studies that worked with DNA transfection exclusively, where 
pegRNA abundance is high and the penalty for degradation is comparatively low. These results 
seem to emphasize the importance of pegRNA stability in low-abundance environments, as 
well as the sensitivity at which changes in pegRNA stability can be observed there. It is 
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therefore particularly odd that we did not observe a beneficial effect of PE751 when combined 
with ENVLPE, as one would certainly expect significant benefits from DNA transfection 
experiments to translate to VLP delivery. 
It still stands to reason that by adopting the pegRNA design from ENVLPE, the effect of Csy4-
mediated pegRNA stabilization should at least translate to other VLP systems. While we could 
demonstrate this with PE-eVLPs in principle, one would have expected the effect to be more 
pronounced. This in turn seems to suggest that in the current PE-eVLP design, pegRNA 
stability is not the primary bottleneck. 
 
It has been reported that unspecific cleavage by Csy4 can lead to cytotoxicity230. Even though 
Csy4 has been utilized multiple times for prime editing prior to ENVLPE, we were the first to 
utilize it in vivo, where cytotoxicity concerns carry more weight. As any concentration-
dependent unspecific cleavage is likely already substantially reduced by the transient nature 
of VLP delivery, and while we have also not observed any cytotoxicity, it might still be useful 
to develop mechanisms that can further mitigate cytotoxic risks. We tried to combine a 
catalytically inactive variant of Csy4231 with self-cleaving ribozymes to process the 3’ end of 
pegRNAs, which turned out unsuccessful. However, precautious implementation of a recently 
developed split-Csy4 system235 might be able eliminate the remaining cytotoxic risk while 
retaining on-target cleavage and protection. 
 
Modularity and compatibility 
Compared to fusion-based approaches where the protein cargo might obstruct cargo assembly, 
non-covalent recruitment likely alleviates cargo-specific negative effects on assembly and 
packaging efficiency. In fact, the coiled-coil recruitment system in PE-eVLP was introduced 
with the same rationale of alleviating steric hindrance of large cargo proteins during particle 
assembly169. Though in this mode of non-covalent recruitment, it is still necessary to modify 
the cargo protein with a coil domain, which is already a modularity improvement compared to 
other fusion-based approaches.  
In contrast, as an aptamer-based system, ENVLPE provides full modularity to seamlessly 
switch between different Cas9 effectors or even package mRNA instead of RNPs as cargo. 
While the respective cargo (pe)gRNA or mRNA has to be equipped with an aptamer for 
recruitment, the Cas effector requires no modification at all, minimizing the necessary design 
effort. Nonetheless, editor-tailored stoichiometry optimization during production might lead to 
further increases in performance. 
 
Based on its modular design, ENVLPE already demonstrated compatibility with nuclease 
editing, CRISPR activation, BE and PE. Hence, it stands to reason that other Cas9-fused 
effector strategies could be used with ENVLPE, and likely also other gRNA-associated Cas 
variants like Cas12 and Cas13, although this depends on the design of a suitable aptamer-
grafted gRNA. 
ENVLPE therefore is, in principle, compatible with PE4 and PE5, as well as any dual-pegRNA 
strategy. Exo-PE could also be deployed, if either Exo-PE or ENVLPE switched to the 
orthogonal MS2 aptamer to avoid interference with the respective recruitment process. But it 
remains to be seen if those strategies are still effective when transiently delivered via VLPs. 
Halegua et al. already demonstrated as much by delivering two pegRNAs in the same particle 
for twinPE168, but from our own experience, the efficacy penalty associated with increased edit 
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complexity is amplified during VLP-mediated editing, probably as a consequence of low editor 
abundance. It is therefore currently unclear if sufficient editing rates can be reached i.e. for 
larger insertions with those delivery tools. 
 
With ENVLPE, we also pursued transgene integration via HDR, which requires the additional 
delivery of a DNA donor template. This can be achieved by encoding the donor onto a lentiviral 
transfer vector and deliver it via an IDLV, upon which the donor RNA is reverse transcribed as 
part of the lentiviral replication cycle. This has been demonstrated previously both in 
combination with TALENs149,236 and also Cas9156,184. While it is possible to deliver RNP and 
donor within the same particle for an “all-in-one” approach, we have opted for delivery via 
separate particles for simplicity reasons. To enable simultaneous recruitment of RNP and 
donor, the lentiviral transgene backbone can be modified with a suitable RNA aptamer, as 
Yadav et al. have demonstrated184. IDLVs are better suited for HDR donor delivery than MLV-
derived particles, because they transfer the donor-enclosing nucleocapsid directly into the 
nucleus171,237,238 while MLV-delivered DNA only has access to the nucleus during mitosis, in 
which no HDR takes place. 
As already highlighted before, there are also other technologies for targeted transgene 
integration which do not rely on recombinases/integrases instead of HDR, such as 
PASTE70/PASSIGE71, CASTs217 or STITCHR218. To incorporate these technologies into VLP 
delivery, the required donor could be delivered in the same fashion as before via IDLVs and 
reverse transcription, or in the case of STITCHR even without reverse transcription. However, 
associated recombinases or co-factor proteins would have to be additionally recruited. Multiple 
studies have highlighted the potential for cargo recruitment into VLPs via non-covalent protein 
interactions155,169,178, which opens up an orthogonal recruitment mechanism for ENVLPE 
towards the construction of all-in-one IDLV particles for HDR, or adaptation to other gene 
editing tools that depend on additional protein co-factors. Attaching a cargo protein to an HIV 
accessory protein like Vpx for co-delivery would not require changes to the ENVLPE construct 
and retain its modularity. Similar to complex PE-mediated edits however, it is currently unclear 
how efficient such approaches would be. 
ENVLPE might also be compatible with a very recent addition to the gene editing toolbox called 
“append editing”, which harnesses novel Cas9-associated effectors to ADP-ribosylate 
thymines and cause a base edit239. Beyond base editing, the authors remarkably demonstrate 
the capability of ADP-ribosylation to trigger DSB-free HDR if an ssODN template is also 
provided. This is a highly desirable mode of action, and while packaging the novel Cas9-fused 
effector with ENVLPE should be rather straight-forward, packaging of the ssODN component 
will require further innovation. 
 
ENVLPE as particle engineering platform 
In fusion-based delivery systems, the addition of a helper gag-pol construct is required to drive 
cargo release via proteolytic cleavage159,163,170. A helper was still utilized even when the 
protease is incorporated into the engineered gag-Cas9 fusion construct174, presumably to 
support particle assembly by reducing the sterical hindrance of bulky cargo proteins. For each 
cargo protein, the ratio of the helper is usually readjusted. 
With aptamer-mediated RNP recruitment and release, there is no explicit requirement for 
proteolytic maturation. Nonetheless, existing technologies have not tried to eliminate it before, 
mostly because they did not depend on it from the start. For instance, in LVLPs the gag-pol 
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polyprotein itself has been engineered with aptamer-binding proteins. In our own attempts at 
this design, we did not succeed to improve over helper-based assembly; we observed that it 
is actually quite challenging to engineer gag-pol itself without affecting the intricate composition 
of the construct. 
For ENVLPE, additional proteolytic release only made an impact when a different aptamer 
(Csy4) with much higher binding affinity (and therefore presumably suboptimal release kinetics) 
was used for cargo recruitment. This means that in principle, it is not necessary to support 
ENVLPE with a helper gag-pol construct, although we did observe that “homomeric” 
assemblies without any helper display reduced editing efficacy. In fact, this protease-
independent beneficial effect on particle assembly by the helper construct has remained 
elusive, despite investigations regarding the systematic elimination of individual pol domains. 
 
Ngo et al. arrived at a similar conclusion with their fusion-based design (Cas9-EDV), also 
systematically eliminating non-essential gag components173. After recognizing in their previous 
publication already that virion maturation was not required for RNP delivery172, they now 
removed protease cleavage entirely and observed that gag-Cas9 fusions were still highly 
active. The clear demonstration of the viability of monomeric assemblies led them to 
aggressively minimize the gag domain itself173. 
We had developed miniENVLPE with a very similar rationale, based on a minimized gag design 
from Accola et al. where large parts of the MA and CA domains were omitted240. We could 
show that in principle, various domains within the ENVLPE construct can be replaced by 
functional equivalents, occasionally even to beneficial effect. But importantly, based on the 
viability of homomeric particles, it was possible to modify the assembly-forming domain itself, 
which enables the engineering of novel particles based on non-viral, “humanized” or even fully 
synthetic241 protein assemblies following the ENVLPE design principle. Engineering variants 
that assemble into smaller particles might also be desirable, as this was reported to correlate 
with higher cellular uptake and tissue penetration, although not for VLP speficically242,243. 
 

Targeting strategies from LVs to VLPs: Glycoprotein engineering 
Tissue specificity and target cell entry is an important metric of delivery vectors, becoming 
even more relevant in therapeutic applications. Ideally, a given vector reaches its target cell 
efficiently, delivers the cargo effectively and touches nothing else in between. 
The fashion in which tropism is determined can vary widely between vector types. AAVs 
contain a motif in the capsid shell which influence the efficacy at which a given tissue can be 
transduced, and library screens have identified variants that efficiently transduce specific cell 
types such as photoreceptors244 or myocytes245. This motif in the capsid domain has also been 
used as integration site for ligand display to directly engage with a surface protein on the target 
cell246. LNPs are known for their inherent liver preference, and systemic application of LNPs is 
often associated with liver toxicity247. However, it is possible to actively target them to other 
tissues via antibodies or antibody fragments248,249, which are conjugated to the surface via 
chemical coupling, or non-covalently via specific protein linkers250. Recent studies have even 
modified LNP tropism via tailored lipid compositions to facilitate gene editing in variety of non-
liver tissues117,251,252. To increase cellular uptake and reduce toxicity after systemic 
administration, Brown et al. included fusion-associated small transmembrane (FAST) proteins 
in the LNP formulation253. 
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Compared to other delivery vectors, tropism modulation of LVs is quite easy to execute and 
comes with a high variety of options. LV tropism is determined by glycoproteins that are 
displayed on the lipid bilayer envelope. These glycoproteins facilitate target cell entry through 
their fusogenic properties and targeted engagement of cell surface receptors. There is a wide 
variety of different glycoproteins across the domain of enveloped viruses, many of which have 
been utilized to pseudotype lentiviral vectors254,255. Arguably the most prominent one is the 
glycoprotein of the vesicular stomatitis virus (VSV-G), which binds to the LDL receptor (LDL-
R) family256,257. VSV-G pseudotyping provides multiple additional advantages: Its high stability 
enables particle preparation through ultracentrifugation258, and it efficiently facilitates 
endosomal escape through a pH-dependent conformational change259. VSV-G also promotes 
vesicle budding125, which is highly useful for EV preparations as well126,128. 
LDL-R is expressed in many different cell types, making VSV-G pseudotyping widely 
applicable. However, this in turn limits its specificity, and some particularly relevant cell types 
such as resting lymphocytes do not express LDL-R at all and can therefore not be targeted260.  
A lot of research has consequently focused on utilizing the natural diversity of glycoproteins, 
sometimes while trying to preserve the non-targeting properties of VSV-G, to expand the scope 
of targetable cell types. This research has enormous relevance for VLPs and even EVs, since 
they can be pseudotyped in the same fashion as LVs. The compatibility is often implicit, and 
many publications that focus on EV/VLP engineering and the logistics of cargo packaging 
actually just rely on VSV-G throughout the entire study. ENVLPE is not an exception from this, 
as we have demonstrated pseudotyping capabilities only to a limited degree in an experiment 
with the MLV-Eco glycoprotein. However, other studies on VLP-mediated editor delivery have 
heavily invested into novel pseudotyping strategies130,172,185, and their innovations will be 
highlighted in this chapter alongside previous work on LV targeting. These publications 
collectively emphasize the potential for glycoprotein-targeted RNP delivery approaches via 
VLPs, even accessing previously unattainable cell types. As broad compatibility of respective 
targeting strategies with various LV and VLP designs has already been demonstrated, it should 
be possible to ultimately integrate them into an RNP delivery approach with ENVLPE. 
 

AAV pre-targeting 
As noted above, VSV-G has many advantages as an envelope glycoprotein, but there are 
some cell types it cannot access due to a lack of LDL-R expression. This can be solved using 
a tissue-specific AAV to initially deliver an LDL-R encoding vector to the cell of interest, making 
it susceptible to VSV-G transduction. This strategy referred to as “pre-targeting” can in principle 
make any cell susceptible to any glycoprotein of choice, as long as it is targetable by a 
respective AAV. To enhance tissue specificity further, expression of the receptor can be 
coupled to a tissue-specific promoter.  
However, the in vivo utility of this strategy is limited by the endogenous expression pattern of 
the receptor within the target organism. To maximize target cell specificity, it might be feasible 
to utilize fully orthogonal, engineered ligand-receptor pairs, although this raises some 
immunogenicity concern in return. 
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Glycoprotein alternatives to VSV-G 
To generate particles with a differential targeting profile to VSV-G, LVs and VLPs can be 
pseudotyped with a variety of glycoproteins from other viruses. The cocal virus glycoprotein is 
highly homologous to VSV-G, targets the same receptor261 and avoids serum inactivation in 
humans262. A very recent study even mined for VSV-G homologs to increase the delivery 
potency to non-activated lymphocytes263, which is an important prerequisite for in vivo T-cell 
engineering. Other examples of targeting immune cells and hematopoietic stem cells include 
the Baboon retrovirus envelope glycoprotein (BaEV) which was used to pseudotype LVs264,265 
and later also VLPs160, as well as glycoproteins from Gibbon Ape Leukemia virus (GALV)266, 
Koala Retrovirus (KoRVA)267, and RD114268,269. Glycoproteins from BaEV and Sendai virus 
were also co-expressed together with VSV-G to enhance transduction efficiency across 
various cell types159,270. Pseudotyping with rabies virus glycoprotein (RV-G) was shown to 
efficiently transduce neuronal cells271. 
 
Engineered glycoproteins 
Glycoproteins can also be modified, or stitched together from different viruses to combine 
beneficial characteristics. For instance, Kato et al. replaced the cytoplasmic domain of RV-G 
with the corresponding one from VSV-G, yielding a chimeric glycoprotein (FuG-B) with altered 
properties272. Other studies even introduced antibody-derived targeting domains; for instance, 
one group modified the MLV-Eco glycoprotein with a single chain variable fragment (ScFv), 
having found that a variable loop within MLV-Eco which also contains the binding interface is 
tolerable to large insertions273. 
VSV-G is particularly difficult to modify, because it undergoes complex conformational changes 
upon binding and during endosomal escape274. Certain sites have been identified that might 
be tolerable to modifications275, but successful engineering attempts have been scarce. One 
recent study now showed that optimization of the VSV-G backbone enables simple N-terminal 
fusions of nanobodies276, which usually leads to drastically reduced viral titers277. This has the 
potential to re-vitalize direct engineering of VSV-G. 

 

Separation of binding and fusion modalities 
A major bottleneck of glycoprotein engineering is the risk of affecting the glycoprotein fusion 
properties while modifying its targeting domain, as these are often not spatially separated. 
However, there is a class of glycoproteins from the order of paramyxoviridae, where the fusion 
and binding functionality are naturally split into separate chains: The H protein is responsible 
for binding a target receptor, while the F protein mediates fusion. Although some co-
engineering of the F protein might still be required278, this separation enabled powerful 
platforms for tropism engineering via the H protein, for instance from Nipah virus185,279,280, 
measles virus281–286 and sindbis virus287, to target a variety of cell types via single chain 
antibodies, ScFvs or DARPins. 
The separation of binding and fusion functionalities was also achieved with VSV-G: Nikolic et 
al. showed that the interaction to its natural entry point LDL-R could be abolished via two 
specific mutations without affecting VSV-G fusogenicity256, Michels et al. made a similar 
discovery with the cocal virus glycoprotein288. VLP tropism could now be customized using 
affinity ligands such as antibody fragments, co-expressed and separately displayed on the 
particle surface via engineered membrane anchors. 
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Based on this principle, two groups developed platforms for high-throughput decoding of 
ligand-receptor interactions, called RAPTR289 and ENTER290, displaying antibody fragments or 
peptide-MHC conjugates next to mutant VSV-G. Hamilton et al. expanded on their Cas9-EDV 
architecture with this strategy to target immune cells specifically172. Strebinger et al. 
additionally introduced antibody-binding proteins as a modular recruitment mechanism for 
targeting ligands, and applied their DIRECTED platform to various VLP designs291. 
 

State of gene editing VLPs for clinical translation 
Current trends and competition 
There is potential for the clinical adoption of VLPs both ex vivo and in vivo, although the 
advantages over competing technologies for in vivo administration are much more pronounced.  
While there is interest in utilizing CRISPR to transition towards targeted integration for the 
generation of chimeric antigen receptor T-cells (CAR-T)292, currently approved therapies still 
rely on random integration via LVs. VLPs could be a viable alternative for the ex vivo 
modification of cells, but they will have to compete with highly efficient physical delivery 
methods that are also in development as LV alternatives, be it for autologous or allogeneic cell 
products. The only currently approved CRISPR-based therapy (Casgevy) relies on Cas9 RNP 
electroporation, and for targeted knock-ins this approach can also be supplemented with a 
DNA donor vector in form of an AAV293 or IDLV294, but also as (circular) ssDNA295–297 as a fully 
transient alternative to mitigate the genotoxicity associated with LV and AAV integration. 
 
For in vivo administration however, physical methods are outright not applicable, which means 
that VLPs mainly compete against AAVs and LNPs for gene editor delivery, with no therapy 
currently approved. As discussed in a previous chapter, the long-term expression of gene 
editors make AAVs a generally suboptimal vector choice, which leaves LNPs as the main 
competitor for transient delivery. While LNP therapies in the clinic mostly target the liver79,200, 
VLPs arguably lag behind substantially with no active clinical trials to date. Notably, LVs have 
already been investigated in the clinic for systemic administration298, and many VLP studies 
have demonstrated the capability of gene correction in vivo, although mostly via local 
administration126,159,163,169,172,174,185. Systematic administration studies are still scarce163,172,185, 
but fittingly conducted by those who also emphasized glycoprotein engineering172,185. 
An intriguing recent development in the context of systemic administration is the attempt to 
generate CAR-T cells in vivo299, primarily driven by the potential for reducing cost and 
manufacturing complexity of autologous cell therapies. The concept has even entered the clinic 
as an mRNA-LNP formulation recently300, although notably the CAR is only transiently 
expressed in this case. The viability of VLPs for in vivo CAR-T generation would depend on 
the efficacy of donor delivery for HDR, which remains to be demonstrated.  
 
Enabling systematic administration of transient gene editing vectors would be a major 
breakthrough for tissues unavailable to local therapy, but this requires high tissue specificity, 
efficacy and tolerability. Further, editing would also have to be restricted to somatic cells for 
ethical reasons. But based on the demonstrated efficacy and their tropism modulation 
capabilities, VLPs could emerge as the enabling technology for in vivo gene correction both 
systemically and locally. There is a lot of innovation in the fast-paced field of VLP engineering, 
seeing steady progression towards an ideal particle design and further research on custom 
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targeting domains and glycoproteins. Comprehensive comparison of all these novel VLP tools 
against LNP vehicles has not yet been carried out, likely because they require quite a diverse 
set of manufacturing capabilities both on the editor complex and the delivery vector level. But 
as VLPs are arguably still behind LNPs in terms of clinical translation, the increased traction in 
the field will hopefully also attract more interest towards solving the manufacturing challenges 
of cell-derived particles, based on already available knowledge with lentiviral production. This 
will help to utilize the conceptual advantage of VLPs over LNPs regarding tissue specificity, 
biodistribution and RNP loading. Projecting that further progress is made with the adaptation 
of tissue targeting strategies, and that the challenges of VLP manufacturing can be overcome 
at scale, VLPs could occupy a niche of extra-hepatic indications where they are preferred over 
LNPs and other modes of delivery. The following section briefly discusses challenges and 
opportunities that are associated with the clinical translation of VLPs. As the field is growing 
rapidly but with currently little clinical experience, regulatory guidelines regarding product 
quality and safety have not yet adapted and still rely on established knowledge with LV 
products122. 
 

OF-target activity 
AAVs, as the currently prevalent gene editor delivery vector in the clinic, mediate persistent 
gene editor expression, which carries a risk of unintended DSBs over time. Because of this, 
AAV-mediated nuclease editing can cause genotoxicity and senescence in target cells, 
although this can apparently also be alleviated by transiently inhibiting corresponding DNA 
damage sensory pathways293,301. 
Off-target editing and particularly the prevalence of DSBs can already be addressed by next-
generation editing strategies with higher fidelity. Consequently, dual-AAVs302 have already 
been adapted to both BE303–305 and PE57,306 to circumvent size restrictions. Nonetheless, 
shifting to transient expression of the gene editor likely also has a major benefit for the off-
target editing profile: Many of the referenced VLP studies, and also our own work, feature off-
target editing investigations, utilizing one of the various tools available307–311, or sites 
discovered with those tools. The observed off-target activity was generally low, and also 
favorable compared to other modes of delivery like plasmid transfection, electroporation or 
viral transduction that promote much higher or much more persistent gene editor expression. 
In that regard, RNP delivery is also preferred over mRNA delivery, as it minimizes the time 
window for off-target edits to occur. 
 
Immunogenicity 
Immunogenicity can arise from three different aspects of VLP-mediated gene editor delivery: 
the vehicle, the cargo molecules, and contaminants from the host cell or the production process. 
It is known from viral delivery that the innate immune system can recognize viral components 
to inhibit transduction312, and VSV-G specifically is known to be inactivated by human serum262. 
As VLPs rely on the same targeting strategies, these issues would transfer. However, VLPs 
do not contain any viral genetic material such as regulatory elements or terminal repeats, and 
therefore avoid triggering innate DNA sensing pathways. Still, pre-existing antibodies could 
render a therapy ineffective, and even the adaptive immune system can promote clearance of 
edited cells. Though in comparison to AAVs, the human pre-exposure rate to retroviruses is 
comparatively low, which limits the prevalence of pre-existing anti-vehicle antibodies122. 
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Adaptive immune system activation in response to gene editor cargo could also cause 
clearance of edited cells, and prevent re-dosing or the administration of gene editors for a 
different indication in the future. Immunogenicity to the gene editor itself concerns all CRISPR 
therapies, but the short-term presence of a hit-and-run RNP is arguably the safest option going 
forward. Based on the reduced time window of editor presence with transient delivery vectors, 
immune triggering is presumably less likely, but can still occur185. A safety study on RNP 
delivery via VLPs in mice and non-human primates to immune-privileged tissue (brain and eye) 
detected immune cell infiltration and macrophage enrichment shortly after treatment, but no 
increase in apoptosis185. The immunogenic response was mostly linked to VLP components, 
as a similar response level could be observed with empty VLP controls. But in a separate 
macrophage model, it was also demonstrated that the immunogenic response was lower 
compared to LV-delivered CRISPR185, in which the cargo is expressed persistently. 
The risk of immunogenic responses to VLP-mediated gene editor delivery certainly requires 
more investigation, but there are also strategies to pre-emptively mitigate them. To reduce 
immunogenic burden, minimally immunogenic nucleases have been developed211. On the 
vector side, human retrovirus-like proteins have been investigated as RNA transfer 
vehicles313,314, although without any demonstration of CRISPR delivery so far. Within the 
ENVLPE framework, we have demonstrated the capability to engineer novel particles, which 
could facilitate the development of minimally immunogenic frameworks in the future. 
Lastly, as a cell-derived product, immunogenicity can also arise from contaminants originating 
from the host cell or the production process. For instance, residual plasmid DNA and genomic 
DNA can be eliminated by limiting cell death, enzymatic digestion and proper purification315. 
But host DNA and proteins can also be stochastically co-packaged into the particle or even 
host surface proteins displayed on the particle membrane316,317. To reduce the immunogenic 
potential of cell-derived vesicles, it has been proposed to knock out MHC-I in producer cells318. 
 

Manufacturing 
As transient delivery vectors, the above issues concern LNPs and VLPs often in a similar 
fashion. However, their stories diverge substantially on the topic of manufacturing, especially 
in a GMP-compliant fashion. While LNPs can be synthesized chemically in a defined process, 
the at-scale production and purification of VLPs is more complicated, and suitable quality and 
batch control parameters and instruments remain to be broadly established. There is some 
precedent for VLPs as vaccine carriers319, but the majority of applicable experience originates 
from other cell-derived vesicles, mostly LVs320–322 (for a comprehensive review, please refer to 
Lipalo et al.122 or Segura et al.315). 
 
GMP-compliant manufacturing from producer cells requires fully characterized cell lines, 
defined (serum-free) culture growth conditions, and a highly reproducible transfection protocol 
with plasmids that were also generated under GMP. Production cell lines can additionally be 
engineered to optimize particle yield323, increase particle bioavailability324, reduce 
retrotransduction during production325, or tailor them to a glycoprotein of choice326. 
After harvesting and clarification of the production culture supernatant, particles have to be 
purified and concentrated. In pre-clinical laboratory-scale studies, this is usually accomplished 
by ultracentrifugation, particle precipitation, or ultrafiltration with molecular weight filters. 
However, these methods either scale poorly, damage the particles or massively affect particle 
yield, or tend to co-purify other host cell components327,328. There are also more gentle and 
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potentially scalable filtration approaches based on tangential flow329 or membrane oscillation330, 
but as the other techniques they can also not discriminate between VLPs and other cell-derived 
vesicles of similar size that host cells might generate331. A chromatography-based workflow 
with sequential size exclusion (SEC) and anion exchange (AEX) was proposed to increase 
product purity of LVs on the laboratory scale332, and intriguingly, AEX might actually allow for 
selective enrichment against other types of EVs333. Lastly, affinity enrichment chromatography 
could arguably provide the highest purity315, but its scalability severely cost-limited. 
Complementary to a robust production and purification protocol, it is essential to clearly define 
quality attributes and their respective ranges. For VLPs, these attributes generally align with 
quality control for the production of LVs: Physical/morphological appearance, absence of 
contaminants, and functional titer. Particle size, morphology and zeta potential can be 
assessed with optical methods such as dynamic light scattering (DLS), nanoparticle tracking 
analysis (NTA)334,335 and electron microscopy (EM)336, but potentially also flow cytometry336. 
Impurity quantification, particularly host cell proteins (HCPs) inside the particle or on its surface, 
may be accomplished via mass spectrometry337. 
While it is possible to also quantify particles via optical methods, this is usually considered less 
accurate. For instance, NTA is very susceptible to impurities and tends to overestimate322. Viral 
titers are conventionally determined with enzyme-linked immunosorbent assay (ELISA) 
targeting viral capsid components338,339 or RT-qPCR targeting the viral genome. While the latter 
does not apply to RNP-loaded VLPs, ELISA can still be applied, and in combination with 
another ELISA targeting Cas9 and RT-qPCR on the gRNA it can also provide an estimate of 
cargo loading efficiency. But even though capsid-targeted ELISA discriminates against non-
VLP vesicles, an accurate measurement can still be obstructed by empty or damaged VLPs 
as well as unassembled capsid proteins339. To determine the proportion of empty/unproductive 
VLPs or other types of vesicles in the preparation, a functional titer measurement is essential. 
For gene editing, this requires the co-development and calibration of a corresponding reporter 
system, which together with optical and chromatographic parameters referenced above could 
provide a comprehensive quality control profile to demonstrate batch-to-batch consistency and 
reproducibility.  
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