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Abstract

With the expansion of therapeutic gene editing technology, small animal models provide essential
platforms to evaluate the function of these new approachesin vivo. As part of the Somatic Cell Genome
Editing (SCGE) Consortium, we developed next-generation murine reporters that overcome current
model limitations and broaden detectable in vivo editing outcomes. These include two mouse models
built on the “traffic light” reporter concept. This system enables fluorescent detection of both gene repair
(green) and CRISPR-generated indels (red) events following editing by a single guide and either dsDNA
or single-stranded oligonucleotide donor. We also generated a third reporter model that efficiently
detects A-base editor activity. Reporters were validated in cultured embryos, via germline editing, and
through activation in vivo by AAV transduction or direct ribonucleoprotein delivery. Together, these

new models provide a valuable resource for improved detection of genome editing events in vivo.
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I ntroduction

Programabl e nucleases such as CRISPR/Cas9 have revolutionized our ability to manipulate the genome.
This has smplified the process of creating genetically modified cells and mode organisms, decreasing
the time required and reducing the associated costs. Moreover, the technology has greatly expanded the
range of species that can be effectively engineered, enabling experimentation not previously possible.
The potential for therapeutic uses of CRISPR/Cas9 are particularly exciting, including both ex vivo and
in vivo editing of somatic cells*. These approaches promise to generate robust and durable modifications
of the genome after a single treatment and several clinical trials have demonstrated remarkable efficacy
including the recent approval of the ex vivo therapy Casgevy for the treatment of Sickle Cell Disease
(Vertex Pharmaceuticals) and the remarkable N-of-1 treatment of an infant with severe carbamoyl
phosphate synthetase 1 (CPS1) deficiency #°. Despite these promising initial results several challenges

remain before the potential of therapeutic genome editing can be fully realized.

Delivery of genome editing cargo to the relevant cell population in an efficient and specific
manner remains a major challenge for most tissues outside of the liver. Viral vectors, including
recombinant adeno-associated virus (rAAV) have been used to great effect for gene replacement
applications ®’, but their clinical utility for genome editing has not been demonstrated. Similarly, lipid
nanoparticles (LNPs) and modified ribonucleoproteins (RNPs) show great promise without the potential
risk of long-term expression of an editor #, but much work remains to develop delivery platforms that
both efficiently and specifically target the cell and tissue type of interest. Given the complexity of
factors that impact the distribution, bioavailability and pharmacokinetics of diverse delivery
technologies, the use of small animalsto evaluate genome editor delivery specificity along with editing

efficiency will be a critical step in advancing new ddlivery platforms to the clinic.
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Reporter mouse models allow for the simple evaluation of genetic manipulation at single-cell
resolution in situ through the activation of afluorescent or other visible marker. These tools have been
widely used to both evaluate the specificity of cre recombinase driver strains and for lineage tracing
experimentsin vivo ®**. An ideal reporter has several key characteristics, including low leakiness,
insertion at a chromatin-accessible locus, robust activation of a detectable signal in asingle cell
following allele modification, durability of the signal over time, and potential for activation in all cells
and tissues, ideally at uniform levels. Current cre reporter strains, such as Ai9 or Ail4 (°, JAX#007909,
#007914), using a ubiquitous CAGGS promoter driving a bright fluorescent protein targeted to the

accessible ROSA 26 locus meet most of these criteria.

Because of these advantages, cre reporter strains have been redeployed for monitoring of genome
editing activity following delivery of editor cargo ****. Typically, guides are designed to flank the lox-
stop-lox terminator cassette activating the reporter when the cassette is excised *°. Alternatively, asingle
guide can be targeted to the repeated terminator sequence activating the reporter when one or more are
subsequently removed 2. Both strategies rely on excision of an intervening sequence following multiple
double-stranded breaks that are repaired by non-homologous end-joining (NHEJ) of the flanking DNA.
Because activation requires that multiple nuclease events occur smultaneously in cisand repair via
removal of the intervening sequence, some nuclease activity is missed; e.g. single cuts repaired by NHEJ
or multiple cuts repaired independently with retention of the terminator cassette. Additionally, repair of
multiple DS breaks has been shown to result in complex rearrangements, further complicating
interpretation of the reporter signal. These reporters are limited to detection of nuclease events and are
unsuitable for applications using homol ogy-directed repair following DS breaks or base/prime editors,

technologies that are of growing interest for therapeutic applications 2 .
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Due to the limitations of the current reporter options, an expanded toolbox is required to support
the testing and validation of new delivery technologies with diverse editor types and usage
configurations. In addition to the key characteristics of a useful reporter described above, additional
desirable features specific to gene editing reporters include respons veness to a single guide, detection of
indel generation following repair of single cut, detection of homology-directed repair (HDR) events,
detection of base editor activity, and the potential to report both HDR and NHEJ in the same allele.
Here, we report three novel mouse reporter models that fill these gaps and provide new and readily
accessible tools for the research community to advance the devel opment of new delivery technologies

for therapeutic genome editing.

Results
Development and validation of thetraffic light reporter (TLR-2) mouse model

We adopted a “traffic light” design to construct areporter alele that 1) would be activated by a single
guide-mediated nuclease event; and 2) could detect both NHEJ and HDR eventsin asingle allele, if a
suitable double-stranded DNA donor was simultaneously delivered. As shown in Figure 1a, the Traffic
Light 2 (TLR-2) alldleincludes amVenus fluorescent protein interrupted by an 108 bp DNA segment *°
that eliminates its fluorescent potential but can be repaired with a DNA donor. A red fluorescent
TagRFP cassette is linked by a P2A peptide sequence out of frame with mVenus, and thusthe proteinis
not expressed in the native allele configuration. Upon NHEJmediated repair of double-stranded breaks,
any indel that results in aframeshift to the +3 frame (e.g. 2bp deletion or 1bp insertion) will permit in-
frame trandation of the TagRFP protein. The TLR-2 cassette is driven by a ubiquitous CAGGS

promoter/enhancer and targeted to the ROSA26 safe harbor locus similar to cre reporter alleles (see
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Materials and Methods for details on animal model generation). We developed a mouse embryo culture
assay that would allow usto rapidly evaluate the relative efficiency of any guide sequence for editing
activity and activation of TagRFP (Figur e 1b). Mouse zygotes harboring the TLR-2 allele
(heterozygous) are harvested at 0.5 dpc, electroporated with Cas9 RNPs complexed with the specific
guide of interest, and cultured to the blastocyst stage where they were visualized and scored for TagRFP
signal. Following imaging, the blastocysts are collected and individually genotyped to determine the

level of editing and to determine the specific indel outcomes.

To validate the functionality of the TLR-2 allele, we designed and tested a panel of guidesto
assess their ability to activate the TagRFP reporter. Several guide sequences for SpyCas9 and SauCas9
in the linker sequence or upstream portion of mVenus 5’ to a stop codon can be used to activate the
TagRFP allele for monitoring nuclease activity in vivo. Guide locations relative to the mVenus coding
and linker sequence in the TLR-2 are shown in Figur e 2a and sequences provided in Supplementary
Table S1. Of note, the R26-1 guide cut Siteis 3’ to the stop codon and thus is predicted to be a poor
guide for detecting NHEJ events but could be useful for driving HDR. Three of the upstream guides
(R26-52, R26-59, and R26-69) were selected using inDelphi % (https://indelphi.giffordlab.mit.edu/) for
repair events following SpyCas9 induced dsDNA breaks that are predicted to result in an optimal shift
into the +3 frame which is required to activate TagRFP. As shown in Figure 2b, we observed between
10 and 60% activation by fluorescence and 73% and 93% by editing using SpyCas9 guide RNP
complexes. As noted above, the large discrepancy between the high editing rate and low fluorescent
activation for guide R26-1 is attributable to the position of the cut 3’ of the stop codon in the linker
sequence and the preference for +1 indels following repair. By contrast, guide R26-52 showed both high
levels of overall editing (83%) and the highest percentage of fluorescence of all guidestested, consistent

with the inDelphi-predicted preference for +3 frame-shifting indels. Embryos homozygous for the
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reporter allele showed a higher rate of fluorescence activation, as expected, although the total rate was
not additive (Figure 2d and 2e). We also tested the utility of the TLR-2 allele for monitoring of HDR
using a microinjected double stranded plasmid donor in our blastocyst assay. As shown in
Supplementary Figure S1, we were able to detect mVenus fluorescence in embryos, indicating
successful HDR. This platform could be useful to test modifications of mouse model engineering

protocols to improve efficiency of HDR.

Generalized utility of areporter model requires that the reporter cassetteis expressed in all cells
and tissue when activated. Although the proven CAGGS promoter/enhancer in the ROSA26 locusis
predicted to provide for ubiquitous expression, we sought to validate this by editing our reporter in the
germline and confirming lines harboring a +3 frame edit showed widespread, ubiquitous expression at
adequate levels for detection (Figure 3a). As shown in Figure 3b, we found that all tissue samples
showed robust expression of the TagRFP allele following immunostaining with an anti-RFP antibody
dueto the sengitivity of TagRFP to our fixation procedure. We observed some variation in fluorescent
intensity between tissues, for example liver versus lung or kidney, which could reflect differencesin the
strength of the CAGGS promotor and/or the overall cellular density of the tissue. Representative images

for additional tissues examined are shown in Supplementary Figure S2. Critically, we found robust

activation in the germline, with clear expression in the sperm and oocyte, which allows for evaluation of

the risk of germline editing for novel delivery formulations.

InvivorAAV delivery activatesthe TLR-2 reporter in transduced tissues

Finally, we sought to confirm the utility of our line for detecting only nuclease activity following
invivo delivery of an AAV -packaged gene editor. Since SauCas9 is often used in AAV-based ddlivery

systems dueto its reduced size, we searched the upstream mV enus sequence in the TLR-2 reporter for
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traditional SauCas9 guide and PAM target sites. Weidentified six possible guides and tested three
(SaC9-g1, SaC9-g2, SaC9-g3) again using our embryo editing and blast culture assay (Figur e 4a,b).
Although two of the tested guides showed strong editing rates of >70% (Figur e 4b), fluorescence
activation was low versus the SpyCas9 guides (Figure 4a), as predicted by inDelphi for activating
frameshifts, activation rates were sufficient for functional validation in vivo. Systemic (intravenous)
delivery of AAV9-SauCas9-g3 virus (Figure 4c) led to robust editing in the liver as assessed by
sequencing (Figur e 4d) or immunofluorescence (Figur e 4e), with detectable activation in the heart, and
adrenal glands (Supplementary Figure S3). We observed greater apparent editing efficiency in males,

consistent with previously reported sex effect %%

on AAV transduction in mice. Editing levels and
frameshift proportions were roughly similar to what was seen in our embryo assay, demonstrating the
utility of the embryo assay for predicting outcomesin adult animals, at least for the liver. As part of the
SCGE program #, the TLR-2 model was also deployed for our validation of anovel Focused Ultrasound
(FUS) delivery system °. An rAAV-SaCas9-guide delivered intravenously along with formulated
microbubbles coupled with atiled focused ultrasound array were able to edit specific sections of the

mouse brain with very high efficiency (Figure 2G, %°). Taken together, these results demonstrate that the

TLR-2 reporter is auseful model for assessment of in vivo genome editing delivery technologies.

Development and validation of thetraffic light reporter 7 (TLR-7) mouse model for improved

HDR detection

Although the TLR-2 model can be used to detect HDR events in vivo using a double stranded
DNA donor, the large size of the linker inserted into the mVenus gene limitsits utility for single-
stranded oligonucleotide (sSODN)-mediated HDR events. To address thisissue, we designed an
additional traffic light-based reporter (TLR-7) that includes a smaller linker where 9 base pairs of the

mV enus protein are replaced with a 30bp linker containing a single guide and PAM sequence target
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(Figure 5a). We also replaced the TagRFP with a Katushka2S fluorescent protein, which is red-shifted
and has improved spectral qualities for live reporter imaging %°. We tested the TLR-7 reporter in our
embryo assay and found that guides targeted to the linker sequence (TLR-7 g2_rev) produced indels at
high efficiency (Figure 5b; 96%), with ~35% of embryos showing red fluorescence indicating a
frameshift into the +3 frame. To test the functionality for detecting sSODN-mediated repair, we included
a 200bp repair oligo in the electroporation mix and found an average of 27.3% of edited embryos
showed correct repair as indicated by mVenus fluorescence (Figure 5¢). We confirmed this result by
Sanger sequencing which showed a similar level of correct editing. As with TLR-2, we generated
germline edited animals to confirm that the reporter protein is expressed in all cells and tissues (Figure
5d). Together, these data show that TLR-7 provides a useful tool for evaluation of both indel generation

and ssODN-mediated HDR.

Generation of the gene editing reporter 10 (GER-10) mouse model for adenine base editing

detection

Base editing has emerged as a highly promising method for precise modification of the genome
without a double-stranded break® . These tools comprise a D10A Cas9 nickase fused to a cytosine
deaminase (C-base editor; CBE) or adenine deaminase (A-base editor; ABE) which can install a C->T or
A->G change, respectively. ABESs are particularly useful for correction of human disease mutations as
they can theoretically address nearly 50% of all pathogenic human single nucleotide variants (SNVs)
and have a low rate of non-specific editing activity'®. ABEs are particularly well suited to reversing stop
gained mutations, which are typically pathogenic. To develop areporter that allows for in situ detection
of ABE activity (Gene Editing Reporter 10 (GER-10)), we mutated the glutamine residue at position 81
in mVenus to a stop codon viaa C>T mutation on the plus strand. As shown in Figur e 6a, this mutation

can be converted back to a glutamine by an A>G edit on the minus strand, thus activating normal
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expression and fluorescence of mVenus. We used our embryo assay to validate the functionality of this
allele by electroporating ABE8e RNP and measuring both fluorescence and editing levelsin cultured
blastocysts. As shown in Figur e 6b, we observed strong mVenus fluorescence in ~35% of GER10
embryos, with no evidence of leakiness in unedited embryos. Editing rates were determined by Sanger
seguencing which confirmed the level of editing aligned with the degree of fluorescence for each
independent experiment. Furthermore, we reverted the Q81X mutation via germline editing using the
ABES8e RNP and the guides previously validated in our embryo assay and were able to demonstrate
robust activation of mVenusin all cells and tissues without requiring secondary immunohistochemistry
following fixation (Figure 6¢), confirming the utility of this reporter for ABE delivery validation
experiments. To further validate the use of thismodel in vivo, we delivered ABE ribonucleoprotein
complexes together with an amphiphilic “shuttle peptide’ that enables RNP uptake by airway epithelial
cellsin the lungs of GER-10 mice after intranasal instillation, Figure 6d #. Asshown in Figure 6¢ and
6f, edited cells of both the small and large airways displayed bright green fluorescent signal, and entry
into these ciliated and mucus producing epithelial cells was enhanced by shuttle peptides. These data

demonstrate that GER-10 can robustly report on ABE-mediated editing in vivo.

Discussion

Here we describe three new mouse reporter alleles that extend and complement the growing repertoire
of mouse strains available for in vivo assessment of genome editing activity. These models offer several
key advantages. First, both the TLR-2 and TLR-7 models provide a means to monitor both HDR and
NHEJmediated indel formation in the same allele, allowing for direct comparison of rates of each type
of repair outcome. This could be useful for the optimization of HDR events, particularly where indel

formation is less desirable. Second, our TLR-7 mode facilitates the use of an ssODN donor, a common
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approach to HDR that is not feasible using the TLR-2 model. TLR-7 also includes an improved red
fluorescent cassette (Katushka2S) that has enhanced spectral qualities over TagRFP. Finally, our GER-
10 model provides arobust readout for A-base editing activity, a promising and therapeutically relevant

genome editing technology for which limited in vivo resources exist.

Although our results clearly demonstrate the utility of our new models, we note a few limitations
that could inform on the future development of improved models. For example, similar to Ai9, we do
not observe 1:1 correspondence between editing and reporter activation as only some edits shift TagRFP
or Katushka2S into the correct reading frame. By screening multiple guide options, we were able to
identify guide options that show bias for the desired frame, with approximately 55% of edits producing a
+2 frameshift. While similar to the edit to activation ratio seen for Ai9 (** and unpublished data), thereis
considerable room for improvement. We are currently exploring designs that incorporate targets that are
predicted to result in highly biased repair for next-generation reporters. Furthermore, our SauCas9 guide
RNA targetsin TLR-2 are less efficient and poorly biased towards repair into the +2 frame, resultingin
relatively low activation overall. Given the common use of this Cas9 variant for in vivo délivery, future

models should incorporate validated SauCas9 guide targets into the design.

The growth in the number of new editor platforms presents new opportunities and challenges to
devel op matched reporter tools. Indeed several new reporter models with various functionality have
been recently reported 2*°, which complement the alleles described here and those developed as part of
the SCGE program (**; RRID:MMRRC_068227-JAX; MMRRC_071742-JAX). While all three of our
platforms are theoretically useful for detection of prime editing® events, other editing modalities will
require the development of new alleles. For example, given the development of new C-base editor

31,32

(CBE) deaminases with improved specificity” >, thereisincreasing interest in these editors for

therapeutics. A CBE reporter with similar qualities to our GER-10 model would be of great interest.
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Similarly, CRISPRali systems would benefit from technology-specific reporter models®. In al cases,
reporters that include the broadest array of PAM sequences to accommodate the expanding repertoire of
editor platformsis highly desirable, although it isunlikely a“one sizefitsall” tool could be developed
given the diversity of PAM options and constraints on editing activity. Thus, there will be a need for
ongoing development of new reporters (or modifications of existing reporters) to support the expanding

catalogue of new editors and editing applications.

M ethods
Mice

All animal studies were performed in accordance with the Guide to the Care and Use of Laboratory
Animals and were reviewed and approved by the Institutional Animal Care and Use Committee of The

Jackson Laboratory.

Mouse model engineering

TLR-2 mice (B6.129S6-Gt(ROSA) 26 Sor MACAG-Venus' -TagRFF)RKINN \ yrp J (JAX Strain # 034033;
RRID:IMSR_JAX:034033) were generated with a R26-GFP_KI-TLR2 ("traffic light reporter”) targeting
vector was designed to insert the TLR reporter construct (“ TLR-2") into the Gt(ROSA)26Sor locus: the
TLR reporter construct ("TLR-2") containing a CAG promoter Venus*-P2A-TagRFP-bovine hGH
polyA, in areading frame that is shifted by 2 bp (+3) *°. The Venus* used here is a non-functional

Venus having codons 117-152 replaced with 52bp of mouse Gt(ROSA)26Sor and 56bp of
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mouse Rab38 (RAB38, member RAS oncogene family sequence). The targeting construct was
electroporated into (C57BL/6J x 129S6/SvEvTac)F1-derived IDG3.2 embryonic stem (ES) cdlls.
Correctly targeted ES cells were injected into blastocysts. The resulting chimeric animals were tested for

germline transmission. The mice were then backcrossed to C57BL/6J for 3 generations

TLR-7: (C57BL/6J-Gt(ROSA)26Sor B(CACVenus® Katuska2SMurt/\ M mjax, MMRRC Strain #069711-
JAX; RRID:MMRRC _069711-JAX) was developed by inserting the following construct into the second
intron of the Gt(ROSA)26Sor locus of C57BL/6J via Bxb1l mediated integration at landing sites
engineered into strain C57BL/6J-Gt(ROSA)26Sor ™™ ™/Mvw (JAX Strain #036152): CMV Enhancer,
Chicken Beta-actin promoter and chimeric intron, followed by mVenus (GFP) coding sequence
interrupted by the insertion of 30 bases and deletion of sequence codons 95-97, and P2A peptide.
Katushka2S (RFP) follows the P2A peptide in the +3 reading frame and bovine growth hormone polyA
termination sequence. The targeting construct was microinjected into oocytes from C57BL/6J-
Gt(ROSA)26Sor ™ ™"W/MvwJ, along with Bxb1 integrase mRNA to generate founders with properly
targeted sequences to the Rosa26 locus™. Mice were screened via PCR and Sanger sequencing of the
targeted region to confirm proper insertion, then backcrossed to C57BL/6J for at least 2 generations and

then intercrossed to generate homozygotes.
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GER-10 reporter knock-in mice (C57BL/6N-Gt(ROSA)26Sor #m3CACVeusHRUI N M mjax; MMRRC
Strain #069724-JAX; RRID:MMRRC _069724-JAX) were created using CRISPR/cas9 genome editing
to insert a CAG promoter controlling expression of a non-functional mVenus (GFP) reporter (with a
stop engineered at codon 81) in the endogenous Gt(ROSA)26Sor locus. The reporter construct contains
a CAG promoter, mutated Venus*, bovine hGH, and polyA sequence. The targeting construct was
microinjected into zygotes of C57BL/6N mice together with cas9 protein and a guide RNA creating a
DNA double strand break in the Rosa26 locus, then transferred to pseudopregnant females. Progeny
were screened by DNA sequencing of the targeted region and a founder was identified harboring the
desired alele. Thisfounder was bred to C57BL/6N for germline transmission. The colony was
backcrossed to C57BL/6N for at least two generations.

Annotated reporter cassette sequences are provided in the Supplementary Material.

In vitro mouse embryo assay

Guide RNA annealing and ribonucleoprotein (RNP) complex formation: Model specific crRNA is

annealed with trRNA following IDT AItR System protocols. Briefly, both components are resuspended
at 100 uM in IDT Duplex Buffer, combined in equal amounts, heated to 95°C for 5 mins, and allowed to
cool passively to room temperature. Following this annealing step, concentration of annealed guide
RNA is assayed by NanoDrop. Crispr:tracr guide RNA hybrid is complexed with AltR Cas9 at 37°C for

15 minsin athermocycler.

Reporter Testing via RNP Electroporation and blastocyst culture: Reporter gRNAs are individually

tested ex vivo to assess reporter efficacy. Super-ovulated C57BL/6NJ or C57BL/6J females were mated

to reporter male studs, and zygotes were harvested and placed in adroplet of 10 ul TE with AltR-Cas9
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(500 ng/pl), guide(s) RNA (600 ng/ul) preassembled as described above, and if used, sSDNA repair
template donor (2000 ng/ul) These components were combined with 10 ul low serum media (Opti-Mem,
Sigma-Millipore), and transferred to an electroporation cuvette (Harvard Apparatus) with a lmm gap
electrode. Using aBTX ECM830 Electro Square Porator (Harvard Apparatus), embryos were
electroporated with six 3 ms pulses of 30V separated by 100 ms each *. Following CRISPR/Cas9
electroporation, zygotes are cultured in Sydney Cleavage Medium (COOK Medical) at 37°C under CO;
in abenchtop incubator (COOK Medical). After 96 hours, blastocysts are collected for imaging and
DNA extraction. Blastocysts are imaged on a Leica Dmi8 inverted fluorescent microscope at 10X
magnification with an NAO.3 Phl objective, DFC9000GT sCMOS camera using the LasX Navigator
acquisition software. For DNA extraction, blastocysts are collected in individual PCR tubes with 1.5 pl
25 mM NaOH /0.2 mM EDTA at 95°C for 15 minutes and neutralized with an equal volume of 40 mM
Tris HCI. The genomic region of interest is PCR amplified from 3 ul of DNA template, and product was
Sanger Sequenced to assess CRISPR editing outcomes (Primer sequences provided in Supplementary
Table S2). Sanger sequence traces were analyzed using the ICE (Inference of CRISPR Editing)
deconvolution tool from Synthego. (https://ice.synthego.com; Synthego Performance Analysis, ICE

Analysis. 2019. v2.0.)

Germline editing for validation of widespread expression

Zygotes from C57BL/6NJ or C57BL/6J female mice mated to reporter males were harvested and
electroporated with AltR-Cas9 (500 ng/ul) and guide RNA (600 ng/ul) as described above. Oviduct
transfers into pseudopregnant dams were performed immediately following el ectroporation. Pregnancies

were allowed to progress to term and offspring were genotyped by Sanger sequencing. Animals with
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edits predicted to activate the reporter were mated to inbred females and at |least 3 edited offspring per

sex and from more than one founder line were assessed.

Tissue sampling and imaging

Tissues from each animal are collected, fixed in 4% PFA or NBF for 2-4 hours, cryoprotected in
30% sucrose and embedded in OCT medium and frozen on dry ice. Tissues are cryosectioned and either
directly imaged (GER-10) or incubated with primary antibodies specific to the fluorophore and
corresponding secondary antibodies (TLR-2, TLR-7) before staining with DAPI/Hoechst and imaged.
Images are assessed for reporter activation potential acrosstissues. TagRFP and Katushka2S proteins
are detected using rabbit anti-RFP polyclonal antibody (Invitrogen Cat # R10367) and corresponding
secondary antibodies such as Cy3-Donkey anti-Rabbit (Jackson ImmunoResearch #711-165-52). A
standard panel of tissuesis collected and assessed for each reporter line including brain, eye,
gastrocnemius muscle, heart, lung, diaphragm, skin, thymus, lymph node, kidney, spleen, liver, stomach,
small intestine, large intestine, adrenal gland, pancreas, bladder, ovary/testes, uterus/epididymis. Images
were collected using Leica Dmi8 inverted fluorescent microscope at 10x magnification, NA 0.3 Phl
objective, DFC9000GT sCMOS camera and LasX Navigator acquisition software. Fluorochromes were
detected using Chromafilter cubes with the following excitation (ex.) and emission (em.) properties:
DAPI (ex. 404 nm, em.420-450 nm), GFP (ex. 475 nm, em. 506-532 nm), RFP (ex. 555 nm, em. 578-
610 nm). Fluorescent images were rendered using OMERO.figure with RFP and GFP baseline

thresholds set using untreated or unedited littermate or colony controls.
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In vivo delivery of AAV and LNP

AAV delivery of SauCas9 and guide: Adult homozygous TLR-2 mice (10 weeks of age) were

administered intravenously viatail vein, 1 x 10*vg of custom synthesized AAV9 vector (Vigene)
encoding both SauCas9 nuclease and SaCa9-g3. Age matched control TLR-2 mice received saline.
Mice were euthanized 4 weeks later and tissues collected for both sequencing and imaging as described
above. Quantification of editing activity was performed by analyzing the Sanger sequence traces with

the Synthego ICE evaluation tool.

Ddivery of ABE8e-RNP +5237 peptide to mouse lung, staining and confocal analysis: Adult GER-10

mice (8-10 weeks of age) were lightly anesthetized and instilled intranasally with 2 doses of ABES8e
RNP [ABE8e-Cas9 (5uM)/sgRNA (4 uM)] +shuttle peptide S237 (80uM), 24 hours apart, and tissues
harvested 8 days after the last ingtillation. Mice were euthanized and vasculature perfused via the heart
with ice cold PBS, followed by cold 4% PFA. Trachea, bronchi and lungs were fixed for 4 hoursin 4%
PFA, equilibrated in 30% sucrose/PBS and shipped to the processing laboratory (U lowa). Lung tissues
were then embedded in OCT and stored at -80°C prior to sectioning. Lung tissues were sectioned at
10um for imaging. Ciliated cellsin large and small airways were stained with acetyl-alpha-tubulin
antibodies (Cell Signaling Technology, Ref #5335, and Invitrogen, Ref #A-21244, goat anti-rabbit
secondary antibody — Alexa Fluor 647), edited cells express mVenus green fluorescent protein, and
nuclei were stained with DAPI. Confocal microscopy images were collected with ZeissLSM 710
confocal microscope equipped with Zen2009 software. Image composites were prepared using ImagelJ-

FIJI (NIH).

Statistical Assessment
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Data are presented as means of technical replicates with standard deviation and described in the legends
for each figure and no data were excluded. Samples sizes were not predetermined using statistical
methods. Allocation of miceinto groups was performed independently and randomly based on
availability of animals. Both males and female were included in each study design and roughly equal

numbers of each sex were included for each.

Data Availability

M ouse strains associated with this publication are available through the Mutant M ouse Regional
Resource Centers or the Jackson Laboratory Repository (RRID:IMSR_JAX:034033,
RRID:MMRRC_069711-JAX, RRID:MMRRC_069724-JAX). Plasmids associated with model

creation or repair have been deposited to Addgene ( https.//www.addgene.org) under Addgene IDs

64322, 64215. Source data are provided with this publication.

References

1 Newby, G. A. & Liu, D. R. Invivo somatic cell base editing and prime editing. Mol Ther 29, 3107-3124
(2021). https://doi.org:10.1016/j.ymthe.2021.09.002

2 Gillmore, J. D. et al. CRISPR-Cas9 In Vivo Gene Editing for Transthyretin Amyloidosis. N Engl J Med
385, 493-502 (2021). https://doi.org:10.1056/NEIJM 0a2107454

3 Lee, R. G. et al. Efficacy and Safety of an Investigational Single-Course CRISPR Base-Editing Therapy

Targeting PCSK9 in Nonhuman Primate and Mouse Models. Circulation 147, 242-253 (2023).
https://doi.org:10.1161/CIRCULATIONAHA.122.062132

4 Musunuru, K. et al. Patient-Specific In Vivo Gene Editing to Treat a Rare Genetic Disease. N Engl J Med
392, 2235-2243 (2025). https://doi.org:10.1056/NEJM 0a2504747
5 Pierce, E. A. et al. Gene Editing for CEP290-Associated Retinal Degeneration. N Engl J Med 390, 1972-

1984 (2024). https://doi.org:10.1056/NEIM 0a2309915

6 Ling, Q., Herstine, J. A., Bradbury, A. & Gray, S. J. AAV-based in vivo gene therapy for neurol ogical
disorders. Nat Rev Drug Discov 22, 789-806 (2023). https://doi.org:10.1038/s41573-023-00766-7

7 Wang, D., Tai, P. W. L. & Gao, G. Adeno-associated virus vector as a platform for gene therapy delivery.
Nat Rev Drug Discov 18, 358-378 (2019). https.//doi.org:10.1038/s41573-019-0012-9



https://doi.org/10.64898/2026.04.29.721708
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.29.721708; this version posted May 2, 2026. The copyright holder for this preprint (which

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-ND 4.0 International license.

Livet, J. et al. Transgenic strategies for combinatorial expression of fluorescent proteinsin the nervous
system. Nature 450, 56-62 (2007). https://doi.org:10.1038/nature06293

Madisen, L. et al. A robust and high-throughput Cre reporting and characterization system for the whole
mouse brain. Nat Neurosci 13, 133-140 (2010). https://doi.org:10.1038/nn.2467

Soriano, P. Generalized lacZ expression with the ROSA26 Cre reporter strain. Nat Genet 21, 70-71
(1999). https://doi.org:10.1038/5007

Zong, H., Espinosa, J. S, Su, H. H., Muzumdar, M. D. & Luo, L. Mosaic analysis with double markersin
mice. Cell 121, 479-492 (2005). https://doi.org:10.1016/].cell.2005.02.012

Staahl, B. T. et al. Efficient genome editing in the mouse brain by local delivery of engineered Cas9
ribonucleoprotein complexes. Nature biotechnology 35, 431-434 (2017). https.//doi.org:10.1038/nbt.3806
Tabebordbar, M. et al. In vivo gene editing in dystrophic mouse muscle and muscle stem cells. Science
351, 407-411 (2016). https://doi.org:10.1126/science.aad5177

We, T. et al. Lung SORT LNPs enable precise homol ogy-directed repair mediated CRISPR/Cas genome
correction in cystic fibrosis models. Nat Commun 14, 7322 (2023). https.//doi.org:10.1038/s41467-023-
42948-2

Anzaone, A. V. et al. Search-and-replace genome editing without double-strand breaks or donor DNA.
Nature 576, 149-157 (2019). https.//doi.org:10.1038/s41586-019-1711-4

Gaudelli, N. M. et al. Programmable base editing of A*T to G*C in genomic DNA without DNA
cleavage. Nature 551, 464-471 (2017). https://doi.org:10.1038/nature24644

Komor, A. C., Kim, Y. B., Packer, M. S., Zuris, J. A. & Liu, D. R. Programmable editing of a target base
in genomic DNA without double-stranded DNA cleavage. Nature 533, 420-424 (2016).
https://doi.org:10.1038/naturel 7946

Rees, H. A. & Liu, D. R. Base editing: precision chemistry on the genome and transcriptome of living
cells. Nat Rev Genet 19, 770-788 (2018). https.//doi.org:10.1038/s41576-018-0059-1

Chu, V. T. et al. Increasing the efficiency of homology-directed repair for CRISPR-Cas9-induced precise
gene editing in mammalian cells. Nature biotechnology 33, 543-548 (2015).
https://doi.org:10.1038/nbt.3198

Shen, M. W. et al. Predictable and precise template-free CRISPR editing of pathogenic variants. Nature
563, 646-651 (2018). https://doi.org:10.1038/s41586-018-0686-x

Davidoff, A. M., Ng, C. Y., Zhou, J., Spence, Y. & Nathwani, A. C. Sex significantly influences
transduction of murine liver by recombinant adeno-associated viral vectors through an androgen-
dependent pathway. Blood 102, 480-488 (2003). https://doi.org:10.1182/blood-2002-09-2889

Paneda, A. et al. Effect of adeno-associated virus serotype and genomic structure on liver transduction
and biodistribution in mice of both genders. Hum Gene Ther 20, 908-917 (2009).
https://doi.org:10.1089/hum.2009.031

Walkey, C. J. et al. A comprehensive atlas of AAV tropism in the mouse. Mol Ther 33, 1282-1299
(2025). https.//doi.org:10.1016/j.ymthe.2025.01.041

Saha, K. et al. The NIH Somatic Cell Genome Editing program. Nature 592, 195-204 (2021).
https://doi.org:10.1038/s41586-021-03191-1

Lao, Y. H. et al. Focused ultrasound-mediated brain genome editing. Proceedings of the National
Academy of Sciences of the United States of America 120, €2302910120 (2023).
https://doi.org:10.1073/pnas.2302910120

Luker, K. E. et al. Comparative study reveals better far-red fluorescent protein for whole body imaging.
Sci Rep 5, 10332 (2015). https://doi.org:10.1038/srepl0332

Kulhankova, K. et al. Amphiphilic shuttle peptide delivers base editor ribonucleoprotein to correct the
CFTR R553X mutation in well-differentiated airway epithelial cells. Nucleic Acids Res 52, 11911-11925
(2024). https://doi.org:10.1093/nar/gkae319

Chen, Z. et al. A Fluorescent Reporter Mouse for In Vivo Assessment of Genome Editing with Diverse
Cas Nucleases and Prime Editors. CRISPR J 6, 570-582 (2023). https://doi.org:10.1089/crispr.2023.0048
Dib, C. et al. GFP-on mouse model for interrogation of in vivo gene editing. Nat Commun 16, 7017
(2025). https://doi.org:10.1038/s41467-025-61449-y



https://doi.org/10.64898/2026.04.29.721708
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.29.721708; this version posted May 2, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

30 Du, S. W. et al. TIGER: A tdTomato in vivo genome-editing reporter mouse for investigating precision-
editor delivery approaches. Proceedings of the National Academy of Sciences of the United States of
America 122, e2506257122 (2025). https://doi.org:10.1073/pnas.2506257122

31 Neugebauer, M. E. et al. Evolution of an adenine base editor into a small, efficient cytosine base editor
with low off-target activity. Nature biotechnology 41, 673-685 (2023). https.//doi.org:10.1038/s41587-
022-01533-6

32 Zhang, E., Neugebauer, M. E., Krasnow, N. A. & Liu, D. R. Phage-assisted evolution of highly active
cytosine base editors with enhanced selectivity and minimal sequence context preference. Nat Commun
15, 1697 (2024). https.//doi.org:10.1038/s41467-024-45969-7

33 Yuan, L., Xiong, Y., Zhang, Y., Gu, S. & Lei, Y. Epigenome editing based treatment: Progresses and
challenges. Mol Ther (2025). https://doi.org:10.1016/j.ymthe.2025.08.047

34 Low, B. E., Hosur, V., Leshirel, S. & Wiles, M. V. Efficient targeted transgenesis of large donor DNA
into multiple mouse genetic backgrounds using bacteriophage Bxb1 integrase. Sci Rep 12, 5424 (2022).
https://doi.org:10.1038/s41598-022-09445-w

35 Modzelewski, A. J. et al. Efficient mouse genome engineering by CRISPR-EZ technology. Nat Protoc
13, 1253-1274 (2018). https://doi.org:10.1038/nprot.2018.012

Acknowledgements

We thank other members of the SCGE consortium including members of the animal model working
group and NIH Program staff for their thoughts and feedback on the generation and characterization of
these models. We thank the expert assistance and support from The Jackson Laboratory Imaging
Sciences, Genome Technologies, and Genetic Engineering Technology Cores which are supported in
part by the JAX Cancer Center Support Grant (P30CA034196). The content is solely the responsibility
of the authors and does not necessarily represent the official views of the National Institutes of Health.

Funding

This work was supported by the NIH Common Fund and the Office of the Director, National Institutes
of Health under Award Number U420D026635 to S.A.M, in addition to funding under the following
awards NIH UH3 HL-147366 and P01 HL-152960 to P.B.M. P.B.M. is supported by the Roy J. Carver
Charitable Trust.

Author contributions

Conceptualization, S.A.M., R.K., W.W., DEB; Methodology, K.J.S., RK., WW., SA.M., M.V.W,,
D.E.B., JR, T.D.; Formal analysis, K.J.S,; Investigation, K.J.S,, ES,,C.H.,Y.G,, T.L.D.,L.B., SH,,
JD.,KK.,JR,A.C,T.D., B.EL.; Resources, RK., WW., D.G., CM.L., SA.M.; Data Curation,
K.J.S, Y.G.,, RK.; Writing (original draft) K.J.S., SA.M.; Writing (reviewing and editing,) K.J.S.,
B.E.L.,, KKK, P.B.M.,JD., RK., WW., SAM.; Visudization, K.J.S, RK., SA.M.; Supervision,
KJ.S,W.W., RK., P.B.M, D.E.B.; Project Administration, K.J.S., W.W., RK., S A.M.; Funding
Acquisition SA.M.,CM.L., P.B.M.


https://doi.org/10.64898/2026.04.29.721708
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.29.721708; this version posted May 2, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Competing I nterests

D.G. holds equity in Feldan Therapeutics. A.X.C., and D.G. are employees of Feldan Therapeutics.

D.G., and A.X.C. havefiled patent applications, and D.G. is a co-inventor on patentsfiled by Feldan Bio
Inc. on the Shuttle peptide technology.


https://doi.org/10.64898/2026.04.29.721708
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.29.721708; this version posted May 2, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

a b %
ool g F =0\ Microinject or
Vs sodons m.fsz Oles} RosAzeloass = oR <0 electioporate zygotes
secnaced by 105 8D GHINA iape!

o
é) CRISPR/Casf editing

/
T \\ Blastocyst culturs
& and score outcomes
DSB DSB
CAG| * /'57 b cac| b +3
P24 pA 0 A

X X -2

- + Plasmid donor frameshift *
m!\ H }R ;'E E{ Sequerce confirm

DSB > HDR via plasmid donor: Venus DSB > NHEJ: 1/3 of events > TagRFP

HAAHAHMAYE

Figure 1. Trafficlight reporter 2 (TLR-2): multifunctional allele for detection of both HDR and NHEJ
editing events. a) Schematic of TLR-2 reporter allele structure and outcomes following editing. The allele
includes two open reading frames encoding different fluorescent proteins; an upstream mVenus (green) in the +1
frame and downstream TagRFP (red) in the +3 frame linked by a P2A sequence. The mVenus cassette is
interrupted by a 108 bp polylinker sequence that includes several guide target sequences and a stop codon (blue
square). Thusin its native configuration, neither fluorescent protein is expressed. Following CRISPR/Cas9
editing, repair via NHEJ will result in expression of TagRFP if the frame shift resultsin a-2 deletion, or multiple
thereof. Alternatively, HDR can be detected with the inclusion of a plasmid donor designed to repair the mVenus
gap. b) Mouse embryo reporter validation workflow. Fertilized zygotes from TLR-2 reporter mice (typically male
homozygous to WT female) are either microinjected or electroporated with Cas9 RNP with or without a plasmid
donor for HDR. The embryos are then cultured to the blastocyst stage where the outcome can be scored by
fluorescent imaging, and followed up by PCR-Sanger sequencing to confirm the identify of specific edits.
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Figure 2. Evaluation of TLR-2 NHEJ detection efficiency in mouse embryos a) Position of guidestested for
the TLR-2 alele relative to the 108bp polylinker (gray) and TGA stop codon (blue). b) Percentage of TLR-2
heterozygous blastocysts showing visible expression of TagRFP following editing. Mouse zygotes el ectroporated
with Cas9 RNPs with the guides listed on the X axis were cultured to the blastocysts stage and scored for
expression of TagRFP, with corresponding levels of overall editing presented in (c). Of note, the low number of
blasts showing TagRFP fluorescence relative to the editing rate for R26-1 reflectsits cut position 3' to the stop
codon in the polylinker. d) Percentage of TLR-2 homozyogous blastocysts with visible expression of TagRFP
following editing and corresponding editing percentages shown in (€). Data are representative of at |east two
technical replicates per guide and plots are showing mean and standard deviation of replicates with total number

of blasts assessed across al replicates below each bar.
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Figure 3. Validation of ubiquitousreporter expression following germline editing. a) To confirm
the TLR-2 allele can be activated in al cells and tissues, we generated a germline model following
targeting with Cas9 RNP and R26-52 guides. Founders harboring a -14 bp frameshift allele were bred to
generate N1 mice. b) Imaging of 12 tissues showing widespread and consistent activation of TagRFP
expression. Scale bar = 200 microns.


https://doi.org/10.64898/2026.04.29.721708
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.29.721708; this version posted May 2, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

-

40+
a _‘F 40 Ll
i 'y
E 201 s T i 20-
0 - 0
8aCo-g1 8aC9-g2 BaCo-gd 8aCSgl 8aCP-g2 BaCHgd
{N=108) (N=87) (N=103) (N=T0)  (Ne47) {N=87)
c s d 40
AR B % In/del= RFP in Frame

N
IV delivery = % other Indels
( [ ) AAV9-SaC9-g3 g“'
""\:":L\_\ \\.__/ g 20+
S ]
A =
. TLR2 *® 10+
~ Hom
[

Male Female

N=3  N=3
5
Salline AAV9-5aC9-g3

| - - -

1}

=

9 - - -

©

E

@©

[T

Figure4. In vivo validation of TLR-2 reporter using AAV-mediated delivery of SauCas9. Embryo culture
testing of SauCas9 guide efficiency for both fluorescence activation (a) and editing efficiency (b). Plots are
showing mean and standard deviation of replicates with total number of blasts assessed across al replicates below
each bar. SaC9-g3 showed the best performance with ~25% fluorescence and an 80% editing rate. c) AAV9
vectors encoding SauCas9 and guide SaC9-g3 were injected 1V into 10 week old adult TLR-2 mice (1 x
10™'vg/mouse) and tissues were harvested 4 weeks later (n=8, including controls). Genotyping of the liver (d)
showed up to 30% editing of the TLR-2 allele of which 1/3 were in the TagRFP frame. Mean editing and
Standard Deviation is shown for the AAV 9-treated animals. €) Immunofluorescence of the liver of AAV9-treated
male and female mice, showing substantial RFP activation versus saline control. Scale bar = 200 microns.
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Figure5. Single-strand oligonuclectide (sSODN) donor HDR compatibility in the TLR-7 reporter model. a)
Schematic of the TLR-7 allele, showing the shortened polylinker sequence (30 nt) as compared to TLR-2
including a stop codon (blue), that can be repaired with an ssODN. b) Mouse blastocyst validation for NHEJ
repair shows high editing rates (>95%) with an expected 1/3 of edits resulting in a shift to the +3 frame to produce
the red fluorescent signal. ¢) Validation of HDR functionality of the allele, showing ~30% repair indicated by

mV enus fluorescence and asimilar level of NHEJ activation of Katushka2S. Some blastocysts showed mosaic
activation of both cassettes. Plots are showing mean and standard deviation of replicates with total number of
blasts assessed across all replicates below each bar. d) Germlineindel generation (2 base pair deletion)
demonstrates robust, widespread Katushka2S activation in al tissues. Scale bar = 200 microns.
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Figure 6. The Gene Editing Reporter 10 (GER-10) model detects A-base editing in vivo. a) Schematic of the
GER-10 reporter alele. A C>T transition at position 241 results in a Q81X mutation that disrupts the expression
of mVenus. A-base editing on the minus strand will reverse the mutation resulting in proper expression of the
reporter. b) Mouse blastocyst assay showing ~35% editing following zygote electroporation with ABE8e RNPs,
with a strong correspondence between fluorescence and editing. Plots are showing mean and standard deviation of
replicates with total number of blasts assessed across al replicates below each bar. ¢) Expression analysisin
tissues from germline edited animals showing robust, ubiquitous expression of the reporter. Scale bar = 200
microns. d) Example of in vivo editing of airway epithelial cells following delivery of ABE RNPs with a shuttle
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peptide to the lungs. Confocal microscopy of mouse lungs showing both small (€) and large airways (f), with
asterisks denoting mucus producing goblet cells, and pound signs denoting ciliated cells. Green —Venus
expressing edited cells, red — ciliated cells stained with acetyl -alpha-tubulin antibody.
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