
Nature Nanotechnology | Volume 20 | April 2025 | 543–553 543

nature nanotechnology

https://doi.org/10.1038/s41565-024-01851-7Article

Customizable virus-like particles deliver 
CRISPR–Cas9 ribonucleoprotein for effective 
ocular neovascular and Huntington’s disease 
gene therapy
 

Sikai Ling1,2,13, Xue Zhang1,13, Yao Dai1,13, Zhuofan Jiang    1,13, Xujiao Zhou3,13, 
Sicong Lu    1, Xiaoqing Qian4, Jianping Liu    5, Niklas Selfjord    6, 
Tugce Munise Satir    7, Anders Lundin7, Julia Liz Touza7, Mike Firth8, 
Natalie Van Zuydam9, Bilada Bilican7, Pinar Akcakaya    6, Jiaxu Hong    3,10   & 
Yujia Cai    1,11,12 

In vivo CRISPR gene editing holds enormous potential for various diseases. 
Ideally, CRISPR delivery should be cell type-specific and time-restricted for 
optimal efficacy and safety, but customizable methods are lacking. Here 
we develop a cell-tropism programmable CRISPR–Cas9 ribonucleoprotein 
delivery system (RIDE) based on virus-like particles. The efficiency of RIDE 
was comparable to that of adeno-associated virus and lentiviral vectors 
and higher than lipid nanoparticles. RIDE could be readily reprogrammed 
to target dendritic cells, T cells and neurons, and significantly ameliorated 
the disease symptoms in both ocular neovascular and Huntington’s disease 
models via cell-specific gene editing. In addition, RIDE could efficiently 
edit the huntingtin gene in patients’ induced pluripotent stem cell-derived 
neurons and was tolerated in non-human primates. This study is expected to 
facilitate the development of in vivo CRISPR therapeutics.

Other research teams and ours have begun clinical trials of in vivo 
CRISPR delivery to treat inherited ocular and liver diseases and virus 
infection by using adeno-associated virus (AAV), lipid nanoparticles 
(LNPs) and virus-like particles (VLPs) as the delivery tool, respectively1–3. 
Despite this progress, delivery restrictions remain to be addressed 
to enable targeted delivery of in vivo CRISPR therapeutics as editing 
in off-target cells can alter the cell fate of sub-populations or induce 
immune responses4–6.

Historically, the immune response has been tightly associated with 
the safety and efficacy of gene therapy7. Off-target delivery by vectors 
to antigen-presenting cells may activate innate immune sensing and 
induce strong adaptive immune responses, reducing the efficacy of 
in vivo gene therapy8–11. Studies have reported that more than 50% of 
the population is serum positive for Cas9-neutralizing antibodies and 

cytotoxic T cells12,13. Anti-Cas9 humoral and cellular immune response 
may result in death of the edited cells, which constantly express Cas9 
(refs. 14,15). In contrast to DNA-based delivery, protein-based CRISPR 
delivery may offer minimal immunogenicity as Cas9 protein would only 
present for a short duration. Therefore, time-restricted, encapsidated 
and cell type-targeted CRISPR delivery is key to developing safe and 
effective in vivo gene editing therapeutics.

Owing to its transient nature, ribonucleoprotein (RNP) is an 
attractive source for CRISPR therapy16,17. However, its applications 
in vivo have been reported only in a few cases, wherein liposomes, 
gold nanoparticles and nanocapsules were used as delivery vectors, 
or naked cell-penetrating RNP was used directly18–25. These synthetic 
nanocarriers have to overcome the intracellular endosome barrier, 
while naked RNP may encounter pre-existing anti-Cas9 antibodies 
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gRNA–Cas9 complex, thereby generating VLPs for CRISPR RNP delivery 
(Fig. 1d and Supplementary Fig. 1).

To verify whether Cas9 proteins were truly incorporated into 
VLPs, we stained particles and observed evident co-localization of 
Cas9 and the capsid protein p24 (Supplementary Fig. 2). We then trans-
duced VLPs into 293T cells and found that the Cas9 protein co-localized 
with p24 1 h post-transduction, suggesting that the entry of RNP was 
via VLPs (Fig. 1e and Supplementary Fig. 3). Interestingly, at 48 h 
post-transduction, the co-localization nearly disappeared, which may 
be due to the rapid turnover of p24 and Cas9 proteins or their reloca-
tion (Fig. 1e and Supplementary Fig. 4). To investigate the packaging 
mechanism, VLPs were produced with variables, including VSV-G, gRNA 
and GagPol. We found that Cas9 was efficiently packaged only in the 
co-presence of the MS2 coat protein and MS2 stem loop, indicating the 
specificity of RNP delivery (Fig. 1f). In addition, successful RNP deliv-
ery into cells was dependent on VSV-G (Fig. 1f). While the WT GagPol 
was not necessary for Cas9 packaging, it enhanced the yield of VLPs 
in terms of p24 (Fig. 1f). Under an electron microscope, the structure 
and size of RNP-carrying RIDE were similar to those of the traditional 
LV (Fig. 1g). Notably, in a time-course study for Cas9 expression, we 
found that the protein was hardly detectable in 293T cells 72 h after 
transduction (Extended Data Fig. 1).

Next, we investigated the editing efficiency of RIDE by comparing 
the non-viral and viral vectors. We found that RIDE was highly efficient 
across different endogenous genome loci in a variety of cell types 
(Fig. 1h). Moreover, RIDE was even more efficient than mLP to most 
loci, and the LNP-delivered RNP; in fact, its efficiency was comparable 
to that of LVs, although it was locus dependent (Extended Data Fig. 1). 
Notably, RIDE had comparable yields to conventional IDLV and induced 
fewer off-target effects than LV, which had long-term nuclease activity 
(Fig. 1i and Extended Data Fig. 1). In addition, the RIDE system was able 
to deliver the base editor with an efficiency of up to 69% (refs. 41–43) 
(Supplementary Fig. 5).

To determine the innate immune properties of RIDE, we used the 
cell line THP-1-derived macrophages, a simplified model of human 
macrophages, and found that RIDE did not induce IFNB1, ISG15 or RIG-I 
expression (Extended Data Fig. 2). When we injected Lenti-CRISPR into 
footpads, we found significant elicitation of anti-Cas9 and anti-p24 
immunoglobulin G (IgG) in the sera of mice (Extended Data Fig. 2). 
By contrast, the elicitation of Cas9-specific IgG was not evident after 
RIDE treatment, although p24-specific IgG was significantly enhanced 
(Extended Data Fig. 2).

Gene editing therapy of retinal vascular disease  
in mice
Vascular endothelial growth factor-A (VEGF-A) is an important media-
tor of retinal vascular diseases44. Most anti-angiogenic therapies do 
not affect intracellular targets and, consequently, do not distinguish 
pathologic from physiologic cellular sources45. Both the retinal pig-
ment epithelium (RPE) and Müller cells are major VEGF-A producers 
in the eyes46. However, the knockdown of VEGF-A in Müller cells exerts 
harmful effects on photoreceptors4.

in vivo16,26. Moreover, the organic molecules in the synthetic nano-
particle components can be toxic and inflammatory27. Essentially, 
the existing RNP delivery strategies have not been able to mediate 
cell-specific gene editing.

To overcome the limitations of synthetic nanomaterials, the 
author and other groups investigated biosynthetic VLPs derived from 
lentiviral vectors (LVs) for their application in delivering zinc-finger 
nucleases, transcription activator-like (TAL) effector nucleases and 
I-SceI in the format of protein, and showed proof of concept that time- 
and quantity-restricted exposure was sufficient to mediate genomic 
engineering28–30. As CRISPR has emerged as the mainstream genome 
editor owing to both simplicity and efficiency, lentiviral and retroviral 
VLPs were engineered to deliver CRISPR using distinct mechanisms 
for cargo incorporation such as direct Cas9 protein fusion to Gag-
Pol31, RNP via aptamer-modified guide RNA32 or Cas9-Gag/GagPol 
fusion33–35, or cargo RNA via MS2 stem loop-modified messenger RNA/
gRNA36–38 and Peg10’s untranslated region-flanking mRNA39; however, 
so far, the successes were mainly in in vitro studies likely owing to 
compromised VLP titre or suboptimized efficiency. Despite that we 
and others have shown a few examples of successful in vivo editing 
with VLP, all of them are based on non-targeted delivery33,34,37,38. There-
fore, VLP technologies for cell-targeted gene editing in vivo are yet to 
be developed, and their therapeutic and post-therapeutic effects in 
the disease models need to be demonstrated or characterized before 
clinical translation.

Here we engineered lentiviral Gag, gRNA and VLP surfaces for 
ribonucleoprotein delivery (designated as RIDE) and achieved efficient 
and cell type-specific in vivo gene editing. Using RIDE, we achieved 
therapeutic efficacy in mouse models for both ocular neovascular 
and Huntington’s diseases. In addition, the efficiency and safety of 
RIDE were confirmed in non-human primates (NHPs) and Hunting-
ton’s disease patients’ induced pluripotent stem cell (iPSC)-derived 
neurons. As a cell-tropism programmable RNP delivery platform, 
RIDE may accelerate the development of in vivo CRISPR therapeutics 
for broad applications.

Building up and characterizing CRISPR 
RNP-carrying VLPs
To enable CRISPR RNP delivery, we first inserted two copies of 
the MS2 stem loop into the gRNA backbone in positions extruded 
from the Cas9–gRNA complex and hypothesized that the stem 
loop-incorporated gRNA would assemble with Cas9 to RNP and pig-
gyback the Cas9 protein into VLPs via the specific interaction between 
the stem loop and MS2-coat modified Gag (Fig. 1a). The gene editing 
efficiency of modified gRNA was comparable to that of the original 
gRNA when transferred by plasmid transfection in 293T cells (Fig. 1b). 
However, when packaged into VLPs and co-transduced with the Cas9 
mRNA-carrying lentiviral particle (mLP)38, the activity of modified 
gRNA was significantly impaired compared with the integrase-deficient 
lentiviral vector (IDLV)-expressed gRNA32,36,40 (Fig. 1c). Therefore, 
we included Cas9 in the process of VLP production by supplement-
ing wild-type (WT) GagPol-D64V to encapsidate the pre-assembled 

Fig. 1 | Building up and characterization of CRISPR RNP-carrying VLPs.  
a, Design of a gRNA-encoding plasmid, which transcribes a gRNA-containing 
MS2 stem loop. b, Comparison of the efficiency of gene editing mediated by 
MS2 stem loop-containing gRNA (gRNA-MS2in) and normal gRNA. gRNA (2 µg) 
and lentiCas9-Blast (2 µg) plasmids were co-transfected into 2 × 105 293T cells. 
c, The frequency of indel mediated by gRNA-carrying VLP. gRNA-incorporated 
VLP or IDLV-gRNA (10 µl) was co-transduced into 2 × 104 293T cells with 10 µl 
mLP-Cas9. Crude VLP and IDLV were concentrated 300 times. RIDE-gRNA versus 
IDLV-gRNA, ***P = 0.0003. d, Schematic illustration of RIDE production. Indel 
frequency was analysed by TIDE software. e, Immunostaining of Cas9 in RIDE-
transduced 293T cells 1 h, 24 h and 48 h post-transduction. p24 RIDE (200 ng) was 
transduced into 6 × 104 293T cells. The dashed box represents the enlarged area. 

Scale bars, 100 μm (front images) and 30 μm (enlarged images). Four images 
were acquired for each group. f, Western blot analysis of the mechanism of Cas9 
incorporation and delivery. The experiment was performed twice with similar 
results. g, Representative TEM images for RIDE-CRISPR and Lenti-CRISPR. Scale 
bar, 200 μm. Four images were taken for each group. h, Gene editing efficiency 
of RIDE in different cell types. p24 RIDE (100 ng) was transduced into 2 × 104 cells. 
i, Comparative analysis of off-target activity by AAVS1-targeting RIDE and Lenti-
CRISPR. RIDE or LVs (50 ng p24) were transduced to 2 × 104 293T cells seeded 24 h 
before transduction. *P = 0.0294 and *P = 0.0334 for RIDE versus Lenti-CRISPR 
on Off-6 and Off-8, respectively. Data and error bars represent the mean ± s.e.m. 
from three biologically independent replicates. Unpaired one-tailed Student’s 
t-tests were applied. NS, not significant.

http://www.nature.com/naturenanotechnology


Nature Nanotechnology | Volume 20 | April 2025 | 543–553 545

Article https://doi.org/10.1038/s41565-024-01851-7

We and other researchers have noticed that VSV-G-pseudotyped 
LV specifically targets the RPE in adult mice when injected subreti-
nally, owing to the highly active phagocytosis in the RPE and the 
physical barrier function of the interphotoreceptor matrix38,47,48. 
Likewise, RPE tropism was also confirmed for GFP-labelled RIDE (Sup-
plementary Fig. 6). Therefore, we pseudotyped Vegfa-targeting RIDE 

with VSV-G and evaluated its therapeutic potential in a laser-induced 
mouse model of retinal vascular disease (Fig. 2a). We first analysed 
the on- and off-target effects of RIDE in the RPE in vivo after sub-
retinal injection (Fig. 2b), which showed 38% indel frequency on the 
Vegfa locus without detectable off-target effects on the top-ranked 
off-target sites (Fig. 2c). Accordingly, an approximate 60% decrease 
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Fig. 2 | The therapeutic efficacy of RIDE in the retinal vascular disease model. 
a, Experimental workflow. b, Schematic diagram of subretinal injection.  
c, Deep-sequencing analysis of the on-target (On) and off-target (OT) effects 
of the Vegfa-targeting RIDE in RPE cells in vivo. n = 1 mouse. d, ELISA of VEGF-A 
levels in the RPE/choroid/scleral (RCS) complex. n = 9 mice. PBS versus RIDE, 
**P = 0.0023. e, Representative laser-induced CNV areas in IB4-stained choroidal 
flat mounts of mouse eyes injected with RIDE or PBS. The white arrowheads 
indicate the position of the optic disc. The dashed white circles delineate the 
CNV region. Scale bar, 200 μm. f, Analysis of the CNV areas in five mice 7 days 
after laser treatment using IB4-stained choroidal flat mounts. A total of 100 ng 
p24 RIDE was administered into each eye. n = 18 CNV areas, PBS versus RIDE, 
*P = 0.0254. g, Representative trace of the a- and b-wave amplitudes in the 

presence of a scotopic-adapted 3.0 Hz stimulus. h,i, Quantitative analysis of 
a-wave (h) and b-wave (i) (n = 5 mice). j, Visualization of the 22 identified clusters 
using two-dimensional tSNE. PCA of 19,079 single-cell expression profiles was 
obtained from the RPE layers of the PBS, RIDE and empty VLP groups (four mice 
from each group). A total of 100 ng p24 RIDE or VLP was injected subretinally.  
k, Determination and clustering of cell types according to the average expression 
of known marker genes for each cluster. Violin plots of gene expression are 
shown alongside the dendrogram. l, Cell composition distribution in the RPE 
tissue after different treatments. Data and error bars represent the mean ± s.e.m. 
Paired two-tailed Student’s t-tests for d and unpaired two-tailed Student’s t-tests 
for f. Two-way ANOVAs for h and i.
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in the VEGF-A levels was detected in the RPE/choroid/scleral tissues 
(Fig. 2d).

IB4 staining of the RPE-choroid lamination further revealed 
that the area of choroidal neovascularization (CNV) in the treated 
group was decreased by 43% (n = 18 CNV areas; P = 0.0254, Student’s 
t-test; Fig. 2e,f). To investigate CNV in vivo, we used optical coherence 
tomography (OCT) to assess the anatomical appearance of lesions 
and structural integrity. The subretinal fibrovascular complex of CNV 
was identified as a hyperreflective region in OCT slice images. OCT 
images were collected 7 days after laser photocoagulation, which 
showed that the CNV area was noticeably reduced in the RIDE groups 
(Supplementary Fig. 7).

To evaluate the ocular tolerability and safety of RIDE, both eyes 
were subjected to 0.003–10 cd s m−2 flash stimulation by electroreti-
nography (ERG). The amplitudes of a- and b-waves in CRISPR-treated 
eyes did not decrease compared with the control eyes, indicating that 
RIDE did not cause observable electrophysiological function impair-
ment (P > 0.05; n = 5 mice; Fig. 2g–i).

It remains unknown whether the delivery of CRISPR induces 
editing-specific cell state changes. We therefore characterized the 
single-cell RNA transcriptome of the RPE after CRISPR administration. 
We treated mice with RIDE, empty VLPs or phosphate-buffered saline 
(PBS) by subretinal injection and isolated the RPE layers for single-cell 
RNA sequencing (scRNA-seq) after 7 days. To reduce data contingency, 
eight treated eyes from four mice were combined in each group (Sup-
plementary Table 1).

We obtained transcriptomic profiles for 19,079 cells, of which 
5,745, 6,257 and 7,077 cells originated from the PBS, RIDE and empty 
VLP groups, respectively (Supplementary Table 2). We identified 22 
cell types or states, among which 8 were detected as RPE cells (Fig. 2j). 
We further determined and clustered the cell types according to the 
average expression of known marker genes from each cluster (Fig. 2k 
and Supplementary Table 3). Strikingly, epithelial–mesenchymal tran-
sition (EMT) characteristics were detected primarily in the RIDE group 
(8.28%) (Fig. 2l and Supplementary Table 2). The RPE cells were further 
subdivided into 11 cell states (Supplementary Fig. 8a), and EMT was 
found in 25.94%, 7.34% and 0% of the total RPE in the RIDE, empty VLP 
and PBS groups, respectively (Supplementary Fig. 8b and Supplemen-
tary Table 4).

While immune cells were rarely detected in the PBS group, sam-
ples from the RIDE and empty VLP groups contained almost all immune 
cell subsets with an overall dominance of macrophages (Fig. 2l and 
Supplementary Table 2). The cell type compositions of the RIDE and 
empty VLP groups were substantially similar in terms of T cells (Sup-
plementary Fig. 9 and Supplementary Table 5) and dendritic cells 
(Supplementary Fig. 10 and Supplementary Table 6). Macrophages 
subdivided into 10 clusters showed few differences in gene expres-
sion between the RIDE and empty VLP groups; however, the RIDE 
group showed a high level of gene expression from clusters 0 and 5 
(Supplementary Fig. 11 and Supplementary Table 7). We also investi-
gated the short-term apoptosis status of the RPE and EMT and did not  
find a clear difference between the RIDE, empty VLP and PBS groups 
(Supplementary Fig. 12).

In addition, we dissected the retina, which was almost untargeted 
by VLP, and performed the scRNA-seq 7 days after treatments. In con-
trast to the PBS group, the immune cell infiltration was evident in both 
empty VLP and RIDE-treated eyes after subretinal injection, echoing 
the results in the RPE layer (Supplementary Figs. 13 and 14, and Sup-
plementary Tables 8–13). Interestingly, natural killer (NK) cells, which 
were trivial in the RPE layer, enriched in the retina after VLP treatment. 
Overall, our results showed that immune responses could be triggered 
in the ‘immune privilege’ eyes shortly after gene therapy, suggesting 
the importance of transient delivery of gene editing enzymes.

Subsequently, we examined the long-term safety of RIDE in vivo 
(Fig. 3a). OCT (Fig. 3b and Supplementary Fig. 15) and ERG tests (Fig. 3c–e)  

showed no significant differences between the two eyes 7 months 
after treatment with and without RIDE. We also performed terminal 
deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) staining 
to detect whether RIDE induced apoptosis in retinal cells. As shown in 
Supplementary Fig. 16, the TUNEL-positive cells were widespread in 
the control group with acute ischaemic injury in the retina but were 
undetectable in the RIDE group, indicating the absence of apoptotic 
cells in the retina after gene editing in the long run.

Reprogramming the cell tropism of RIDE
To evaluate whether RIDE could be retargeted to specific cell types, we 
pseudotyped RIDE with a CD3-recognizing envelope, a modified Nipah 
virus glycoprotein redirected by a single-chain antibody. We found that 
the editing efficiency of the CD3-modified RIDE was significantly higher 
in the CD3+ population than in the unsorted and CD3− populations, 
whereas that of VSV-G-pseudotyped RIDE was not different among 
different cell populations (Supplementary Fig. 17a). Similarly, when 
pseudotyped with an engineered DC-SIGN-recognizing Sindbis virus 
glycoprotein (SV-G)49, RIDE preferably edited the dendritic cells with an 
efficiency even higher than that of the VSV-G-pseudotyped counterpart 
(Supplementary Fig. 17b).

To target RIDE specifically to neurons, we constructed a hybrid 
envelope protein (namely hyRV-G) by fusing human IgE signal peptide, 
the extracellular and transmembrane domains of the neuron-tropic 
rabies virus glycoprotein, and the cytoplasmic part of VSV-G50,51 
(Extended Data Fig. 3a and Supplementary Fig. 18). We found that the 
hyRV-G-pseudotyped IDLV was inefficient in transducing non-neuronal 
cells but as efficient as VSV-G in transducing SH-SY5Y—a human neu-
roblastoma cell line—demonstrating its neuron tropism in vitro 
(Extended Data Fig. 3b). To verify its neuron tropism in vivo, we injected 
a hyRV-G-enveloped GFP-encoding IDLV into the striatum of C57BL/6J 
mice and found that the majority of GFP signal was enriched in the 
neurons instead of microglia and astrocytes (Extended Data Fig. 3c,d 
and Supplementary Fig. 19). Therefore, we decided to pseudotype RIDE 
with hyRV-G for neuron-specific gene editing in vivo.

Huntington’s disease therapy in mice and NHPs
To visualize the in vivo distribution of hyRV-G-pseudotyped RIDE in the 
brain, we introduced RIDE containing a single gRNA targeting the WT 
mouse Htt gene (RIDE-Htt) and a lentiviral RNA-encoded GFP and per-
formed immunohistochemistry (IHC) and hematoxylin and eosin (H&E) 
staining 1 month after stereotaxic injection in the striatum (Fig. 4a). We 
found the GFP-labelled RIDE in about half of the striatum, with a small 
amount leaked into the surrounding regions (Fig. 4b,c).

Next, we performed deep sequencing of the striatum samples 7 
days after RIDE injection and revealed that the highest indel frequency 
was only 2.4% (average 1.45%; *P = 0.0271; n = 4 mice; Extended Data 
Fig. 4a,b). We reasoned that the low indel frequency reflected the 
specific gene editing in neurons as the striatum was composed of 
various non-neuronal cell types, including astrocytes, microglia and 
infiltrating immune cells, all of which were enriched after injection 
(Supplementary Fig. 20). To test this speculation, we injected mice 
with GFP-labelled RIDE and sorted the GFP+ cells for third-generation 
sequencing. Indeed, we found enhanced readout of gene editing as 
shown by a unique large deletion spanning 2,201 bp, which accounted 
for 7.09% of the total reads (Supplementary Table 14). In addition, we 
performed western blotting, which confirmed the downregulation in 
HTT expression 14 days after RIDE treatment (Extended Data Fig. 4c). 
In addition, we compared RIDE and LNP-delivered CRISPR/RNP and 
found that both the VSV-G- and hyRV-G-pseudotyped RIDE outper-
formed LNP-delivered CRISPR/RNP in downregulating HTT expression 
in vivo (Supplementary Fig. 21). To visualize the neuron status after 
treatment, we stained the striatum with the neuron-specific marker 
NeuN. Although we found linear gathering of the nuclei in some of the 
treated mice, the traces were specifically restricted to the injection 
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route (Fig. 4d,e and Extended Data Fig. 4d), suggesting that the loss 
of HTT expression in the striatum was unlikely due to neuronal death.

To evaluate the long-term consequences of HTT inactivation 
in vivo, we injected RIDE (21.5 ng p24 per side) or PBS into both sides of 
the striatum in C57BL/6 mice aged 2 months (n = 6 per group) and found 
that RIDE caused neither abnormal behaviour in the 110 days follow-up 
nor body weight loss 8 months after treatment (Extended Data Fig. 5).

Next, we found that even the research-grade RIDE did not provoke 
type I interferon response in the brain, although it tended to elicit type 
II interferon response and the downstream Cxcl9 and Cxcl10 expression 
(Extended Data Fig. 6). Notably, the type II interferon response was 
likely due to the genomic or plasmid DNA carryover from the produc-
tion process as we further found that it could be circumvented using 
Good Manufacturing Practice (GMP)-like grade VLPs (Extended Data 
Fig. 6). Taken together, RIDE could be tailored to target specific cell 
types, enabling efficient and safe in vivo gene editing.

To test the efficacy of CRISPR-mediated human mutant HTT 
(hmHTT) inactivation, we dosed RIDE in heterozygous Q175 mice 
in which the exon 1 of the endogenous Htt was replaced by exon 1 of 
hmHTT with ~190 CAG repeats. To delete the polyQ domain of hmHTT, 
we designed five gRNAs (g1–5) flanking the CAG repeat in exon 1 of 
hmHTT and found strong activities for g1 and g2 gRNA combinations 
(Extended Data Fig. 7a,b). Therefore, we chose g1 and g2 combinations 
to produce RIDE-hmHTT for our subsequent studies (Fig. 5a). First, 
we analysed HTT expression using western blot and found that the 
VSV-G-pseudotyped RIDE, but not the hyRV-G-pseudotyped RIDE, 
efficiently reduced HTT expression in HeLa cells (Fig. 5b). In addition, 
the HTT knockout was confirmed with different HTT antibodies both 
in vitro and in vivo (Supplementary Fig. 22). Moreover, we evaluated 
the RIDE-caused gene editing events using third-generation sequenc-
ing. Interestingly, we found that a 128 bp deletion was the dominant 

modification, accounting for 25.54% of all events (Supplementary 
Table 15).

Next, we injected hyRV-G-pseudotyped RIDE into both sides of the 
striatum in heterozygous Q175 mice aged 2 months to evaluate changes 
in their body weight and study their behaviour (Fig. 5c). First, we found 
that the Q175 mice treated with RIDE-hmHTT had significantly more 
body weight than the scramble RIDE-treated control mice 6 months 
after treatment (Fig. 5d). Next, we performed the cylinder test analysis 
for WT and RIDE-treated Q175 mice and recorded the number of times 
that the mouse reared to explore the cylinder and placed either the 
left or the right forepaw on the wall of the cylinder. We found that the 
RIDE-hmHTT-treated Q175 mice showed significant improvements in 
terms of forelimb steps in the cylinder (Fig. 5e).

In addition, we subjected these mice to the clasping and grid 
walk test. A common dysfunction demonstrated in the Q175 model 
is progressive limb clasping triggered by a tail suspension test. The 
scramble-treated Q175 mice showed significantly increased dystonic 
postures of hind limbs with self-clasping compared with the WT mice; 
this increase in RIDE-hmHTT-treated mice was nonsignificant (Fig. 5f). 
In the grid walk test, although the time required for crossing the grid 
tended to decrease in RIDE-hmHTT-treated mice (Fig. 5g), both the 
errors (foot slips) and steps were also significantly reduced compared 
with the scramble-treated Q175 mice (Fig. 5h,i). A parallel study with a 
shorter follow-up and a smaller sample size also showed similar results 
(Supplementary Fig. 23).

To determine whether RIDE was safe for future human applica-
tion, we performed a safety study in NHPs (Fig. 6a). We used magnetic 
resonance imaging (MRI) to facilitate injection and took images before 
and 3 weeks after treatment, which showed no detectable brain damage 
(Fig. 6b). To evaluate whether RIDE could downregulate HTT expression 
in NHPs, we performed western blot analysis of the putamen sample 
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from one representative NHP, which showed that HTT expression was 
decreased in the RIDE injection side compared with the PBS injection 
side (Fig. 6c).

In addition, we collected putamen samples from both hemispheres 
21 days after injection and analysed the expression of immune-related 
genes by RT–qPCR. Among the six cytokines analysed, we found that 
only interleukin-6 (IL-6) and interleukin-1β (IL-1β) expression was 
slightly increased in the RIDE injection sides (Fig. 6d–i). Next, we col-
lected the sera before injection and 1, 14 and 21 days after injection to 
evaluate whether RIDE injection would cause liver damage. We found 
that neither the serum alanine aminotransferase (ALT) levels nor the 
serum aspartate aminotransferase (AST) levels changed significantly 
(Fig. 6j,k). Together, these results suggest that RIDE did not cause 
systematic risk in the NHPs.

On- and off-target gene editing in patients’ iPSC 
neurons
As the efficiency and specificity of genome editing may differ across 
species, we next evaluated the CRISPR delivery using RIDE in human 
neurons generated from Huntington’s disease patients’ iPSCs. We used 
RIDE carrying g1-gRNA and VSV-G pseudotype in this study to simplify 
analysis. Cells were collected 11 days post-treatment and on-target edit-
ing was analysed using amplicon sequencing (Extended Data Fig. 8a,b). 
We observed efficient editing at the HTT locus up to 39% indels detected 
at the highest dose tested (Extended Data Fig. 8c).

A major safety concern with CRISPR-based therapies is unintended 
off-target editing. Therefore, we identified the potential off-target 
sites of g1-gRNA in the human genome using Cas-OFFinder52. Next, we 
performed multiplexed targeted deep sequencing on the predicted 
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off-target sites using rhAmpSeq (IDT)53 (Extended Data Fig. 8d and 
Supplementary Data 1). A total of 369 sites were included in the panel. 
Twenty-four of these sites were either not compatible with multiplexed 
rhAmp PCR or yielded less than 2,000 sequencing reads, and were 
therefore excluded from the analysis. Among the 345 sites that were 
successfully sequenced, we found Cas9-induced indels only at one 
intergenic site with a low frequency of 0.5% (Extended Data Fig. 8e), 
suggesting that RIDE could achieve efficient editing with a favourable 
off-target profile in the human neurons.

Conclusion
RIDE assembles CRISPR RNP and VLP into one complex and is custom-
izable for specific target cells. We showed cell-specific targeting with 

RIDE by taking advantage of the local tissue environment or engineered 
envelope proteins. We also revealed the impact of VLP on tissues and 
in vivo immune responses to VLP at the single-cell level. Long-term 
follow-up in mice and the NHP study showed that VLP was tolerated 
in vivo. In addition, RIDE had production yields comparable to the 
traditional LV. These features and findings are essential for the clinical 
translation of CRISPR.

VLP has recently gained new momentum as a delivery tool given 
the development of endogenous retrovirus or murine leukaemia 
virus-derived VLPs, namely SEND and eVLP, respectively39,43. Theoreti-
cally, SEND should not trigger immune responses as it is composed of 
human proteins that are tolerated by the human body through selective 
immune mechanisms, although this still warrants further verifications 
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in clinical trials54. In our study, we consistently demonstrated that 
RIDE was inefficient in eliciting type I interferon response. However, 
we indeed detected anti-p24 antibodies. Surprisingly, in contrast to 
LV-delivered CRISPR, anti-Cas9 IgG was not elicited by RIDE.

Eyes and brains are usually considered immune-privileged55. How-
ever, we found that gene therapy vectors caused changes of the immune 
microenvironment in the eyes and induced infiltration of a variety of 
immune cells. Using scRNA-seq, we also defined the cell state transition 
to which gene editing may at least partially contribute by detecting an 
evident population of RPE cells with EMT characteristics56. These data 
emphasize that immune response and cell state changes should be 
taken into serious consideration during CRISPR gene therapy.

Targeted delivery is essential to improve the safety and efficacy of 
CRISPR therapeutics. Our study exemplified the therapeutic potential 
of RIDE in retinal vascular disease and Huntington’s disease models via 

localized delivery. Meanwhile, we speculate that RIDE can further be 
expanded to systematic delivery. Indeed, while our paper was under 
review, Hamilton et al. reported targeted genome editing in T cells 
in humanized mice57. RIDE, on the one hand, could be retargeted by 
taking advantage of the natural virus tropism58. More attractively, the 
specificity of RIDE may be customized for any cell type in combination 
with single-chain antibodies and DARPin technologies59–61 (Supple-
mentary Fig. 17).
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Methods
See Supplementary Information for more methods.

Plasmids
pCMV-2NLS-Cas9 expresses Cas9 driven by a CMV promoter. 
phCMV-ABEmax (or phCMV-BE4max) expresses ABEmax (or BE4max) 
driven by an enhanced CMV promoter. pU6-gRNA-MS2in contains 
the U6 promoter and a gRNA sequence inserted with two copies of 
the MS2 stem loop in the backbone. pU6-Osp.gRNA-MS2in is similar 
to pU6-gRNA-MS2in, except for the optimized gRNA backbone. The 
gRNAs were inserted into BsmBI-digested pU6-Osp.gRNA-MS2in. 
pCMV-hyRV-G encodes a rabies virus-derived envelope glycoprotein. 
All of the plasmids constructed in this study will be available through 
Addgene.

Cell and tissue cultures
Primary fibroblast cells from crab-eating macaque (Macaca fascicu-
laris) and 293T, NIH3T3, Cos7, SH-SY5Y, HeLa, HEB, HS683 and pri-
mary mouse glial cells were cultured in DMEM (Gibco). THP-1 cells 
were maintained in RPMI 1640 medium (Gibco) and differentiated 
into macrophage-like cells by treatment with phorbol 12-myristate 
13-acetate (150 nM) (Sigma) before the experiment to boost cytokine 
production. The media were supplemented with 10% fetal bovine 
serum (Gibco), 2 mM l-glutamine (Gibco), 100 U ml−1 penicillin and 
100 µg ml−1 streptomycin (Gibco). All cells were cultured at 37 °C and 
5% (v/v) CO2.

Western blotting
To detect the production of Cas9, RIDE-CRISPR, RIDE-ABEmax, 
RIDE-BE4max or cell samples were lysed in RIPA buffer (Beyotime 
Biotechnology) in the presence of a protease inhibitor (Beyotime 
Biotechnology). The proteins were separated by sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis before being transferred to 
a polyvinylidene difluoride membrane (0.45 µm, Millipore) through 
a Mini Trans-Blot system (Bio-Rad). Membranes were blocked with 
5% fat-free milk in Tris-buffered saline/0.05% Tween-20 for 1 h at 
room temperature. The membranes were incubated with primary 
anti-Cas9 antibody overnight at 4 °C followed by incubation with 
anti-mouse secondary antibodies (1:3,000, Cell Signaling Tech-
nology, #7076) or anti-rabbit secondary antibodies (1:3,000, Cell 
Signaling Technology, #7074P2) according to species specificity of 
primary antibody for 1 h at room temperature. Protein signals were 
captured using a gel imaging system (Amersham ImageQuant 680, 
GE). Cas9 was detected using a Cas9 monoclonal antibody (mAb) 
(1:3,000, Cell Signaling Technology, #14697), β-actin was detected 
using a β-actin mAb (1:3,000, Cell Signaling Technology, #3700), 
and p24 was detected using an HIV-1 p24 mAb (1:1,000, Santa Cruz 
Biotechnology, #sc-69728) for normalization. HTT was detected 
using HTT-HDC8A4 mAb (1:2,000, Thermo Fisher, #MA1-82100), 
HTT-3E10 mAb (1:2,000, Santa Cruz, #sc-47757), HTT-MW1 mAb 
(1:3,000, Sigma-Aldrich, #MABN2427) and HTT-2166 mAb (1:2,000, 
Sigma-Aldrich, #MAB2166).

To detect Cas9 in the VLP, 10 µl ultracentrifuged supernatants 
(concentrated 300 times) were used directly for western blotting. To 
detect RNP transferred intracellularly, 30 µl ultracentrifuged superna-
tants (concentrated 300 times) were transduced into 2 × 105 293T cells 
seeded 24 h before transduction. To detect the HTT expression after 
RIDE or LNP-CRISPR treatment in mice, striatum tissues were dissected 
7 days after stereotaxic injection and subjected to western blotting. 
HTT was detected using a mouse anti-huntingtin antibody (1:1,000, 
Santa Cruz Biotechnology, #sc-47757) followed by incubation with 
anti-mouse secondary antibodies (1:3,000, Proteintech, #SA00001-1). 
Mouse β-actin (1:5,000, Proteintech, #66009-1-lg) served as an internal 
loading control. Full images of the western blots are shown in Source 
Data files and Supplementary Figs. 24 and 25.

Animals
Animal experiments were conducted at Shanghai Jiao Tong University 
and the Eye, Ear, Nose and Throat Hospital Affiliated with Fudan Uni-
versity. The animal care, experimental and treatment procedures used 
in this study followed the guidelines of the Institutional Animal Care 
and Use Committee of each institute and were in accordance with the 
Association for Research in Vision and Ophthalmology statement on 
animal testing. SPF-grade male C57BL/6J mice (6 weeks old, 18–22 g) 
purchased from Charles River Laboratories Animals were used in this 
study. Heterozygous Q175 knock-in mice were purchased from Jackson 
Laboratory (catalogue number 027410). RIDE or Lenti-CRISPR (1 µg 
p24) was injected into the footpads of the mice for IgG analysis. At the 
age of 8 weeks, RIDE-HTT (45 ng p24 per side) or Cas9/gRNA RNP in 
Lipofectamine 2000 was delivered to the striatum of Q175 mice using 
stereotaxic injection. For the delivery of Cas9 and gRNA complexes, 
1 μl of 200 μM Cas9 protein was mixed with 2 μl of 50 μM gRNA and 
incubated for 5 min at room temperature, followed by mixing with 3 μl 
Lipofectamine 2000 and incubating for an additional 30 min.

The mice were kept in a room with a controlled environment 
(22 °C ± 2 °C, relative humidity of 40–70%, 12 h light/dark cycle) and 
provided with adequate food and drinking water. Similarly, adult 
C57BL/6J mice (WT) were anaesthetized using a combination of keta-
mine and xylazine (100 mg kg−1 and 10 mg kg−1, respectively) adminis-
trated intraperitoneally. Two microlitres of RIDE-HTT (21.5 ng p24) or 
IDLV-GFP (21.5 ng p24) with hyRV-G pseudotype was injected intrac-
ranially into the right or bilateral striatum (2 mm lateral and 0.5 mm 
rostral to the bregma at 3 mm depth) using a Hamilton microsyringe.

Healthy crab-eating macaques (Macaca fascicularis) aged 4–12 
years were included in the experiment. The experimental operation 
procedures were performed in PharmaLegacy Laboratories following 
the approval of the Biology Laboratory Animal Management and Use 
Committee of PharmaLegacy (project number PL22-0802). The monkeys 
were kept in a room with a controlled environment (24 °C ± 2 °C, relative 
humidity of 40–70%, 12 h light/dark cycle) and provided with food (twice 
per day) and adequate drinking water. At the experimental endpoint 
on day 21, the macaques were anaesthetized with Sutra (5–10 mg kg−1, 
intramuscular injection) and subsequently underwent MRI scanning.

Mice behaviour test
For the cylinder test, a mouse was placed inside a glass cylinder with a 
diameter of 10 cm and a height of 25 cm. The number of times that both 
paws were placed on the cylinder wall during exploration for 3 min was 
counted and recorded. For the hind-limb clasping test, each group of 
mice was suspended by the tail for 14 s, and their abilities of hind-limb 
clasping were monitored by video recording using an infrared cam-
era ( JIERRUIWEITONG, HW200-1080P). The 14 s trial was split into 7 
intervals of 2 s each. The mouse was awarded a score of 0 (no clasping) 
or 1 (clasping). The scores for the 7 intervals were summed for each 
mouse, allowing a maximum score of 7. The test was video recorded 
and analysed later in a blind fashion. For the grid walk test, the mice 
were allowed to walk on a 1-m-long wire grid. With each weight-bearing 
step, a paw might fall or slip between the wires, which was recorded as 
an error. The total steps and times were also counted and recorded. All 
behavioural data were analysed by investigators who were blind to the 
genotypes and treatments of the mice.

Primary mouse glial cell isolation
For mouse brain cultures, the brains were collected from pregnant 
C57BL/6J mice at 18 days of gestation. In brief, the brains were removed 
and incubated for 20 min in an enzyme solution (10 ml DMEM, 2 mg 
cysteine, 100 mM CaCl2, 50 mM EDTA and 200 U papain) and then 
rinsed with Ca2+/Mg2+-free Hanks’ balanced salt solution and triturated 
in 10% DMEM. Cells were diluted to a final concentration of 5 × 106 cells 
per ml and plated on a poly-l-lysine-coated 48-well plate, which was 
maintained at 37 °C in a 5% CO2 incubator.
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Immunofluorescence imaging
293T cells were seeded in a 12-well plate containing a cover glass 
at a density of 6 × 104 per well 24 h before the transduction of RIDE 
and Lenti-CRISPR. To detect lentiviral particles, RIDE and IDLV were 
attached to 0.1% (w/v) poly-l-lysine (Beyotime Biotechnology)-coated 
cover glass in a 12-well plate with 1 ml PBS by spinning at 1,200 × g 
for 99 min. Cells and VLPs were fixed using 4% paraformaldehyde. 
The cover glasses were stored in 70% ethanol for at least 15 min and 
washed three times with PBS. To detect Cas9, cells were stained with 
anti-Cas9 mAb (1:800, Cell Signaling Technology, #14697), followed 
by anti-mouse Alexa Fluor 555 IgG (1:800, Cell Signaling Technol-
ogy, #4409). To detect Cas9 and p24 simultaneously, cells or VLPs 
were stained with anti-Cas9 mAb (1:300, Cell Signaling Technology, 
#14697), followed by anti-mouse Alexa Fluor 488 IgG (1:300, Jackson 
ImmunoResearch, #115-545-062), and anti-p24 mAb (1:200, Sino Bio-
logical, #11695-R002), followed by anti-rabbit Alexa Fluor 647 IgG 
(1:300, Jackson ImmunoResearch, #111-605-045). The nuclei were 
counterstained with DAPI (Beyotime Biotechnology). The imaging 
was performed using a confocal microscope (A1Si, Nikon or TCS SP8, 
Leica Microsystems).

For brain immunohistochemistry analysis, the brains were col-
lected and incubated successively in 4% (w/v) paraformaldehyde at 
4 °C overnight. In brief, tissue sections were deparaffinized with xylene 
and rehydrated in an ethanol series. Endogenous peroxidase activ-
ity was blocked by incubating the sections in 0.3% H2O2 in methanol 
for 30 min. The tissue sections were then incubated with anti-GFP 
antibody (1:1,000, GeneTex, #GTX113617) at 4 °C overnight, followed 
by anti-mouse secondary antibodies (1:3,000, Cell Signaling Tech-
nology, #7076) for 30 min. The sections were then incubated with 
3,3′-diaminobenzidine tetrahydrochloride (Beyotime) for 10 min and 
counterstained with haematoxylin. The brain tissue sections used 
for H&E staining were subjected to Prussian blue staining, which was 
performed using freshly prepared 5% potassium hexacyanoferrate 
trihydrate and 5% hydrochloric acid. The sections were rinsed in water 
after 30 min and counterstained with nuclear fast red, dehydrated 
and covered.

For brain immunofluorescence detection, 7 days after intracer-
ebral administration, mice were killed. Their brains were collected and 
incubated successively in 4% (w/v) paraformaldehyde at 4 °C overnight 
and in 30% (w/v) sucrose for 48 h. For immunofluorescence label-
ling, sections (30 μm) were permeabilized with 0.4% Triton X-100 and 
blocked in a washing buffer containing 2% normal donkey serum. A 
primary antibody was used for overnight immunostaining. After wash-
ing three times with PBS, the sections were incubated with a secondary 
antibody for 2 h in the dark and then stored in an anti-fluorescence 
quenching sealing solution (including DAPI, Beyotime Biotechnology). 
The sections were then incubated with primary mouse anti-huntingtin 
protein antibody (1:500, Sigma-Aldrich, #MAB2166), rabbit anti-glial 
fibrillary acidic protein primary antibody (1:500, Cell Signaling Tech-
nology, #80788) or rabbit anti-ionized calcium-binding adapter mol-
ecule 1 primary antibody (1:500, Cell Signaling Technology, #1798), 
followed by application with anti-mouse Alexa Fluor 555 IgG (1:1,000, 
Cell Signaling Technology, #4409) or anti-rabbit Alexa Fluor 488 
IgG (1:1,000, Jackson ImmunoResearch, #111-545-003). Incubation 
with mouse anti-NeuN primary antibody (1:4,000, Sigma-Aldrich, 
#MAB377) was followed by incubation with anti-mouse Alexa Fluor 555 
IgG (1:1,000, Cell Signaling Technology, #4409). To co-stain NeuN with 
GFP, mouse anti-NeuN antibody (1:4,000, Sigma-Aldrich, #MAB377) 
and anti-GFP antibody (1:1,000, GeneTex, #113617) were applied with 
anti-mouse Alexa Fluor 555 IgG (1:1,000, Cell Signaling Technology, 
#4409) and anti-rabbit Alexa Fluor 647 IgG (1:1,000, Jackson Immu-
noResearch, #111-605-045). Brain slices were then imaged using a 
confocal microscope (A1Si, Nikon) or fluorescence microscope (Pan-
noramic DESK, P-MIDI, P250, 3D HISTECH) and processed using Pan-
noramic Scanner software.

To analyse the apoptosis of mouse fundus cells, 10-μm-thick cryo-
sections of eyes were fixed in 4% paraformaldehyde for 20 min at room 
temperature and then incubated in 0.1% Triton X-100/PBS for 30 min 
at 37 °C. TUNEL staining was performed using an In Situ Cell Death 
Detection Kit (Roche, #12156792910). The TUNEL signal was visualized 
using a confocal laser scanning microscope with a 40× oil-immersion 
objective lens (TCS SP8, Leica Microsystems). Fluorescence images 
of TUNEL-positive cells were obtained at an excitation wavelength 
of 555 nm (red). The cell nuclei were stained blue with Hoechst 33258 
(1:2,000, Thermo Fisher Scientific, #H3569).

To detect the IDLV-GFP distribution after subretinal injection, 
cryosections of the eyes were treated as described above. Slices were 
stained with anti-GFP antibody (1:1,000, GeneTex, #GTX113617) and 
anti-glutamine synthetase antibody (1:1,000, GeneTex, #GTX630654) 
followed by anti-rabbit Alexa Fluor 488 IgG (1:2,000, Jackson Immu-
noResearch, #111-545-003) and anti-mouse Alexa Fluor 647 IgG 
(1:2,000, Jackson ImmunoResearch, #115-605-003).

Single-cell RNA sequencing and analysis
Cellular suspensions at a concentration between 500 and 2,000 cells 
per µl were sequenced with BD Rhapsody on a NovaSeq sequencing 
platform at NovelBio. The adapter sequences were filtered out, and the 
low-quality reads were removed by applying fastp with default param-
eters62. To identify the cell barcode whitelist, the cell barcode unique 
molecular identifiers (UMIs) were extracted and the cell expression 
counts were calculated based on the filtered clean fastq data, followed 
by the use of UMI tools for single-cell transcriptome analysis63. The 
UMI-based clean data were mapped to the mouse genome (Ensemble 
version 100) utilizing STAR mapping with customized parameters 
from the UMI-tools standard pipeline to obtain the UMI counts for 
each sample. Cells that contained over 200 expressed genes and a 
mitochondria UMI rate below 30% passed the cell quality filtering, 
and their mitochondrial genes were removed from the expression 
table. The Seurat package (version 3.1.4) was used to adjust the above 
bias factors to obtain accurate and unbiased single-cell gene expres-
sion data. T-distributed stochastic neighbour embedding (tSNE) and 
principal component analysis (PCA) dimensionality reduction on the 
calculated principal components were then performed to obtain a 
two-dimensional representation for data visualization. A PCA plot was 
constructed based on the scaled data with the top 2,000 highly variable 
genes, and the top 10 principals were used for tSNE and UMAP construc-
tions. Graphs and K-means clustering were used for cell clustering, and 
the Wilcoxon rank sum test was used for marker gene analysis. Cell 
types were determined according to the transcriptional abundance 
of marker genes. For subtype assessment within the major cell types, 
we re-analysed cell subsets separately.

Generation of human neurons from iPSCs and RIDE 
transduction
CHDI-90002166-1 iPSC clonal line (CHDI-66), derived from a male 
Huntington’s disease patient that carries 43 and 18 CAG repeats, was 
kindly provided by CHDI Foundation. We generated human neurons 
from Huntington’s disease patients’ iPSCs that were engineered with 
a doxycycline-inducible NGN2 expression cassette, as previously 
described64,65. The NGN2-CHDI-66 line was seeded on Growth Fac-
tor Reduced Matrigel (Corning, 354230) (1:100 in Advanced DMEM/
F12 (Thermo Fisher, 12634-010)) coated 6-well tissue culture plates 
in MTesR1 (Stem Cell Technologies, 85850) media and cultured until 
reaching 90–100% confluency. For NGN2-induced differentiation, 
MTesR1 media were replaced with induction media supplemented with 
2 µg ml−1 doxycycline (Sigma, D989) for 3 days, with daily media change. 
On the 4th day in vitro (DIV) of differentiation, cells were washed with 
D-PBS−/− (Thermo Fisher, 14190144) and dissociated into a single-cell 
suspension with Stempro Accutase (Thermo Fisher, A1110501) and 
replated at a 125 k cm−2 density in assay plates in maturation media 
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supplemented with a Rock inhibitor (Tocris, 1254) (10 µM). Cells were 
fed with maturation media supplemented with doxycycline (2 µg ml−1) 
and DAPT (Tocris, 2634) (10 µM) DIV5–6 and maturation media with 
DAPT only on DIV7. DIV8–12 cells were fed with half media change with 
maturation media supplemented with AraC (Sigma, C1768) (1 µM) and 
switched to maturation media supplemented with laminin (Sigma, 
L2020-1MG) (1 µg ml−1) from DIV13 onwards for long-term maintenance. 
For RIDE transduction experiments, the NGN2 CHDI-66 neuroprogeni-
tors were thawed, treated with doxycycline for 2 days to induce differ-
entiation into post-mitotic neurons and cultured for 5 days to allow 
neuronal maturation. Neuronal cultures were treated with increasing 
doses of VSV-G-pseudotyped RIDE incorporated with HTT-targeting 
gRNAs on 7 days post-thaw, and the genomic DNA was collected for 
on- and off-target analysis on day 18.

On-target and off-target amplicon sequencing for human 
neurons
DNA for editing analysis was extracted with QuickExtract DNA extrac-
tion solution (Lucigen) according to the manufacturer’s instructions. 
On-target editing was analysed using next-generation sequencing 
(NGS)-based amplicon sequencing as described previously66. In short, 
amplicons of the on-target loci were generated with Q5 High-Fidelity 
2× Mastermix (NEB) using target-specific primers, including adapt-
ers for subsequent index incorporation (Supplementary Table 16). 
After PCR purification using Ampure XP beads (Beckman Coulter), 
unique Illumina indexes were introduced to the amplicons using KAPA 
HiFi HotStart Ready Mix (Roche). The PCR products underwent a sec-
ond round of bead purification before sequencing on an Illumina 
NextSeq system according to the manufacturer’s protocol. NGS data 
were demultiplexed with bcl2fastq software. Amplicon sequencing 
data were analysed using CRISPResso2 software (https://github.com/
pinellolab/crispresso2) with the following parameters: –min_paired_
end_reads_overlap 8–max_paired_end_reads_overlap 300–ignore_sub-
stitutions -q 30 -w 1 -wc -3–plot_window_size 20–exclude_bp_from_left 
15–exclude_bp_from_right 15 (ref. 67).

Off-target editing was analysed by multiplexed rhAmpSeq using 
the rhAmpSeq Library Kit (IDT) with a set of customized rhAmp PCR 
primer panels designed by the manufacturer68. The rhAmpSeq panel 
included genomic sites with 4 mismatches and no bulge compared 
with the target site with the canonical NGG PAM, sites with up to 3 
mismatches and no DNA/RNA bulge and sites with up to 2 mismatches 
and a 1 bp bulge with an NRG PAM. Genomic coordinates for each tar-
get region are indicated in Supplementary Data 1. The libraries were 
sequenced on the Illumina NextSeq system and analysed using the 
amplicon sequencing analysis pipeline as described above. Data were 
visualized with GraphPad Prism 10 (GraphPad Software).

Statistics
Data were analysed using GraphPad Prism (7 and 10) and presented 
as the mean ± standard error of the mean for all experiments (n ≥ 3). 
Student’s t-tests and analyses of variance (ANOVAs) were performed 
to determine the P values (95% confidence interval). The description of 
replicates is provided in the figure legends. The asterisks indicate statis-
tical significance (*P < 0.05, **P < 0.01, ***P < 0.001; NS, not significant). 
Statistical analysis of the targeted amplicon deep-sequencing data was 
performed as previously described69. P values were obtained by fitting 
a negative binomial regression (MASS package in R statistics) and with 
the logarithm of the total number of reads as the offset to the control 
and edit samples for each evaluated site. We adjusted for multiple 
comparisons using the Benjamini and Hochberg method (function 
p.adjust in R version 3.6.0). We considered the indel percentage in the 
gRNA/Cas9-transfected replicates to be significantly greater than the 
indel percentage in the Cas9-transfected controls if the adjusted P value 
was less than 0.05, the nuclease-treatment coefficient was greater 
than zero, and the median indel frequency of the edited replicates 

was greater than 0.1%. If there was no significant difference between 
control and CRISPR-treated samples, this variation was not attributed 
to Cas9 nuclease activity.

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

Data availability
Data generated or analysed during this study are available from the 
corresponding authors upon reasonable request. The deep-sequencing 
data and the third-generation sequencing data are available at NCBI 
BioProject under ID PRJNA752699. scRNA-seq data are available at 
NCBI Gene Expression Omnibus (GEO) under GEO accession number 
GSE182580. Source data are provided with this paper.

References
62.	 Chen, S., Zhou, Y., Chen, Y. & Gu, J. fastp: an ultra-fast all- 

in-one FASTQ preprocessor. Bioinformatics 34, i884–i890  
(2018).

63.	 Smith, T., Heger, A. & Sudbery, I. UMI-tools: modeling sequencing 
errors in unique molecular identifiers to improve quantification 
accuracy. Genome Res. 27, 491–499 (2017).

64.	 Lundin, A. et al. Development of an ObLiGaRe doxycycline 
inducible Cas9 system for pre-clinical cancer drug discovery. Nat. 
Commun. 11, 4903 (2020).

65.	 Zhang, Y. et al. Rapid single-step induction of functional neurons 
from human pluripotent stem cells. Neuron 78, 785–798 (2013).

66.	 Bestas, B. et al. A type II-B Cas9 nuclease with minimized 
off-targets and reduced chromosomal translocations in vivo. Nat. 
Commun. 14, 5474 (2023).

67.	 Clement, K. et al. CRISPResso2 provides accurate and rapid 
genome editing sequence analysis. Nat. Biotechnol. 37, 224–226 
(2019).

68.	 Jacobi, A. M. et al. Simplified CRISPR tools for efficient genome 
editing and streamlined protocols for their delivery into 
mammalian cells and mouse zygotes. Methods 121–122, 16–28 
(2017).

69.	 Zabulica, M. et al. Correction of a urea cycle defect after ex vivo 
gene editing of human hepatocytes. Mol. Ther. 29, 1903–1917 
(2021).

Acknowledgements
We thank S. R. Paludan at Aarhus University, Denmark, for the 
experimental materials and insightful discussion on designing 
immune response analysis. We thank D. Yin at Stanford University, 
USA, for experimental assistance. We thank B. Zhang and Y. Lou 
at Shanghai Jiao Tong University, China, for providing the AAV8 
packaging system and assisting in vector production. Y.C. is supported 
by the National Key R&D Program of China (2022YFC3400205), the 
National Natural Science Foundation of China (numbers 32370148 
and 31971364), the Science and Technology Innovation Action Plan 
of Shanghai (24Z510200306), the Shanghai Pilot Program for Basic 
Research—Shanghai Jiao Tong University (21TQ1400204), the ‘111 
Center’ (ZXQT626001) and the Fundamental Research Funds for 
the Central Universities (24X010201944). J.H. is supported by the 
National Natural Science Foundation of China (numbers 81970766 
and 82171102), the Shanghai Key Clinical Research Program (number 
SHDC2020CR3052B) and the National Key R&D Program of China 
(2023YFA0915000). iPSC biosamples used in this work included 
MTM study participant-specific data as well as data and biosamples 
derived from biosamples generously provided by those participants, 
and made available by S. Tabrizi (University College London), principal 
investigator, and M. Orth (University Hospital of Ulm), principal 
investigator. This work was funded by CHDI Foundation, Inc.,  

http://www.nature.com/naturenanotechnology
https://github.com/pinellolab/crispresso2
https://github.com/pinellolab/crispresso2
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA752699
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE182580


Nature Nanotechnology

Article https://doi.org/10.1038/s41565-024-01851-7

a nonprofit biomedical research organization exclusively dedicated 
to developing therapeutics that will substantially improve the lives 
of HD-affected individuals. We thank CHDI Foundation, R. Chen, 
O. Freeman and I. Chessell for facilitating the transfer of the iPSC 
material. We thank S. Li for scientific discussions and S. Rees,  
M. Maresca and M. Bohlooly for resource allocation from AstraZeneca 
Research Funds. Professional English language editing support was 
provided by AsiaEdit (asiaedit.com).

Author contributions
S. Ling and Y.C. conceived the study and designed the experiments. 
S. Ling, X. Zhang, Y.D., Z.J., X. Zhou, S. Lu and X.Q. performed the 
experiments excluding the human neuron study. J.L. helped with the 
analysis of the scRNA-seq data. J.H. provided resources for the ocular 
neovascular study. T.M.S. and A.L. generated the NGN2-induced 
neurons from the iPSC line and performed the neuron editing.  
B.B. supervised the NGN2-induced neuron generation. N.S. and J.L.T. 
performed the on-target and off-target analysis library preparation and 
sequencing. M.F. performed the bioinformatics analyses and N.V.Z. 
performed the statistical analysis on the amplicon sequencing data. 
P.A. supervised the editing and off-target analysis studies in human 
neurons. All the authors analysed the data. S. Ling and Y.C. wrote the 
paper with the help from all the authors.

Competing interests
S. Ling and Y.C. have a patent (ZL201910979334.0) on RIDE applied 
via Shanghai Jiao Tong University. Y.C. is a co-founder and advisor 
of BDGENE Therapeutics. T.M.S., A.L., B.B., N.S., J.L.T., M.F. and P.A. 
are employees and shareholders of AstraZeneca. The other authors 
declare no competing interests.

Additional information
Extended data is available for this paper at  
https://doi.org/10.1038/s41565-024-01851-7.

Supplementary information The online version contains supplementary 
material available at https://doi.org/10.1038/s41565-024-01851-7.

Correspondence and requests for materials should be addressed to 
Jiaxu Hong or Yujia Cai.

Peer review information Nature Nanotechnology thanks  
Thomas Corydon, Baisong Lu and the other, anonymous,  
reviewer(s) for their contribution to the peer review of this work.

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

http://www.nature.com/naturenanotechnology
https://doi.org/10.1038/s41565-024-01851-7
https://doi.org/10.1038/s41565-024-01851-7
http://www.nature.com/reprints


Nature Nanotechnology

Article https://doi.org/10.1038/s41565-024-01851-7

c e

Cas9-

Le
nti

-C
RISPR

RID
E-C

RISPR

96h6h 12h 24h 48h 72h

Moc
k

96h

β-Actin-

kDa

-170

-43
0

20

40

60

80

100
**

RIDE

LNP-RNP

a b

in
de

ls
 a

t A
AV

S1
 s

ite
 (%

) 

Vegfa B2MAAVS1
0

20

40

60

80

100

in
de

ls
 (%

) 

mLP-CRISPR
RIDE-CRISPR

Lenti-CRISPR

NECTIN1

n.s.
n.s.n.s.

*
***

**

***
***

20

10

30

0

40

50

AAVRIDE

n.s.

in
de

ls
 a

t N
ec

tin
-1

 s
ite

 (%
) 

RIDEIDLV

200

p2
4 

tit
er

 (n
g/

µL
)

0

100

300

400
n.s.

d

Extended Data Fig. 1 | Characterization of the life-span and efficiency of RIDE. 
a, Western blot analysis of the life-span of CRISPR–RNP complex. Lenti-CRISPR 
was used as a positive control. In total, 150 ng p24 lentiviral particles were used. 
293T cells were seeded 24 h before transduction at a density of 4 × 104/well into a 
24-well plate. A representative result is shown from two biologically independent 
replicates. b, Comparison of the gene editing efficiencies of RIDE-CRISPR and 
LNP-delivered CRISPR/RNP at the AAVS1 locus. In total, 200 ng p24 RIDE-CRISPR 
and 20 pmol RNP were used. 293T cells were seeded 24 h before transduction or 
transfection at a density of 4 × 104/well. RNP was mixed with Lipofectamine 2000 
before transfection. c, Comparison of the gene editing efficiencies of RIDE-
CRISPR, mLP-CRISPR, and Lenti-CRISPR. In total, 100 ng p24 were transduced 
into 1 × 104 293T cells seeded 24 h before transduction. An exception was  

30 ng p24 for B2M. *P = 0.0325 for AAVS1 RIDE-CRISPR versus mLP-CRISPR,  
***P = 0.0006 for AAVS1 RIDE-CRISPR versus Lenti-CRISPR, ***P = 0.0005 for Vegfa 
RIDE-CRISPR versus mLP-CRISPR, **P = 0.0016 for NECTIN1 RIDE-CRISPR versus 
mLP-CRISPR, ***P < 0.0001 for NECTIN1 RIDE-CRISPR versus Lenti-CRISPR.  
d, Comparison of the gene editing efficiencies of RIDE and AAV at the Nectin1 site. 
In total, 50 ng p24 RIDE-CRISPR and 2 × 109 GC AAV8 were transduced into 2 × 104 
NIH3T3 cells seeded 24 h before transduction. e, The titer comparison of RIDE 
and GFP-encoding integration-deficient lentiviral vector. Indel frequency was 
analyzed by TIDE software (b-d). Data and error bars represent mean ± SEM from 
three biologically independent replicates (b-e). Unpaired two-tailed Student’s 
t-tests, n.s., non-significant.
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Extended Data Fig. 2 | Characterization of the immune response to RIDE.  
a–c, Type I immune response and RIDE transduction. Induction of IFNB1 (a), 
ISG15, (b) and RIG-I expression (c) in THP-1-derived macrophages by RIDE. IVT-
gRNA (100 ng) was used as a positive control. **P = 0.0054 or 0.0058 for RIDE-100 
ng or RIDE-300 ng versus IVT-gRNA (a). *P = 0.0211 or 0.0257 for RIDE-100 ng p24 
or RIDE-300 ng p24 versus IVT-gRNA (b). *P = 0.0246 or 0.0256 for RIDE-100 ng 
or RIDE-300 ng versus IVT-gRNA (c). Data and error bars represent the mean ± 

SEM from three biologically independent replicates (a-c). d–f, Analysis of IgG in 
mice induced by RIDE. Mice were injected with 1 µg of p24 RIDE or Lenti-CRISPR 
via the footpads, and sera were collected for ELISA with Cas9- and p24- specific 
antibodies. NC, non-infected control, n = 4 mice (e) and 5 mice (f). LV, Lenti-
CRISPR, n = 6 mice, RIDE, n = 7 mice. ***P < 0.0001 (e). NC versus RIDE, *P = 0.0394; 
NC versus LV, **P = 0.0035 (f). n.s., not significant. Data and error bars represent 
the mean ± SEM. Unpaired two-tailed Student’s t-tests.
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Extended Data Fig. 3 | Characterization of the neuron tropism of hyRV-G 
envelope. a, Illustration of rabies virus-derived hyRV-G envelope protein. The 
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transmembrane domains of rabies virus glycoprotein, and the intracellular domain 
of VSV glycoprotein. b, The susceptibility of different cell lines and primary cells to 
the hyRV-G- and VSV-G-pseudotyped GFP-encoding IDLV. Samples were analyzed 
by flow cytometry. In total, 21.5 ng p24 IDLV was transduced into 1 × 105 cells. 

hyRV-G versus VSV-G, ***P < 0.0001, **P = 0.0019. c, In vivo characterization of the 
neuron specificity of hyRV-G-pseudotyped IDLV in the striatal region. In total, 21.5 
ng p24 IDLV was injected. Representative images are shown from one of four mice. 
White arrowheads indicate the cells co-localized by the GFP signal and cell marker. 
Scale bar, 50 μm. d, Statistical analysis of GFP+ cells in different cell populations. 
Data and error bars represent mean ± SEM from three biologically independent 
replicates (b, d). Unpaired two-tailed Student’s t-tests.
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striatum of adult C57BL6/J mice. After 1 or 2 weeks, the mice were euthanized. 
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RIDE, *P = 0.0271. c, Western blot analysis of HTT expression in the brain. The right 
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result is shown from three biologically independent replicates. d, Confocal 
microscopy analysis of potential neuron injury induced by RIDE injection. Scale 
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Extended Data Fig. 5 | Open-field and cylinder tests. a, Experimental workflow 
for the behavior test and body weight examination. C57BL/6 mice aged 2 months 
were injected with RIDE (21.5 ng p24/side) or 1.5 μL PBS (control) into both sides 
of the striatum (n = 6/group). At 110 dpi, behavior tests were performed.  
b–d, Open-field test. Each experimental mouse was placed at the center of a white 
acryl square box (40 cm × 40 cm × 40 cm) in the dark. Spontaneous movements 
during a period of 5 min were monitored by digital video recording, and the travel 
distance (b), velocity (c), and time in the central area (d) were automatically 

tracked and analyzed by the software (Ethovision XT Version 15). e, Cylinder test. 
Mice were placed inside a glass cylinder with a diameter of 10 cm and a height 
of 25 cm. The number of times both the paws were placed on the cylinder wall 
during exploration was counted and recorded (3 min). f and g, Body weight 
changes for female and male mice post-intracerebral injection. n = 6 per group 
with three males and three females. Data and error bars represent mean ± SEM. 
n.s., not significant. Unpaired two-tailed Student’s t-tests were applied.
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Extended Data Fig. 8 | RIDE mediated efficient HTT gene editing in 
Huntington’s disease patients’ iPSC-generated neurons with favorable off-
target profile. a, Schematic illustration of the experimental workflow for editing 
analyses in Huntington’s Disease patients` derived neurons treated with RIDE.  
b, Representative image from two images of Huntington’s Patients’ iPSC-generated 
neurons at the time of RIDE transduction, 7 days after doxycycline treatment. 
Scale bar, 400 µm. c, Bar plots showing the percentage of indels detected at the 

target site with amplicon-seq upon RIDE transduction. n = 3 technical replicates. 
Data and error bars represent mean ± SD. pg, picogram. d, Cas-OFFinder in silico 
off-target prediction of HTT-targeting sgRNA for two potential PAM sequences, 
NGG and NRG. Bar plots show the number of predicted off-targets that show 
homology to the target site with the indicated mismatches and bulges. bp, base-
pair. e, Heatmap showing the percentage of indels detected at the on-target and 
an off-target site that is located on an intergenic region.
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For Bayesian analysis, information onon the choice ofof priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification ofof the appropriate level for tests and full reporting ofof outcomes

Estimates ofof effect sizes (e.g. Cohen's d, Pearson's r),), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability ofof computer code

Data collection

Data analysis

For manuscripts utilizing custom algorithms oror software that are central toto the research but not yet described in published literature, software must bebe made available toto editors and
reviewers. WeWe strongly encourage code deposition inin a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Yujia Cai

Oct 20, 2024

NoNo customized software was used; BDBD FACSDiva 7 was used toto collect data from flow cytometry analysis (BD & LSR Fortessa); LightCycler 9696
Instrument (Roche) and LCLC 9696 SWSW 1.1 software were used toto collect real-time PCR data; Fluorescence images data were collected using
fluorescence microscopes (Pannoramic DESK, P-MIDI, P250, 3D3D HISTECH (processed using Pannoramic Scanner software) and OPMI VISU S8,
Carl Zeiss) and confocal microscopes ( A1si, Nikon and TCS SP8, Leica Microsystems) with associated software. Western blot data were
collected byby Amersham ImageQuant 680, GE. The full-field electroretinography data were collected byby Espion Diagnosys System (Espion E2,
Diagnosys), and the a-a- and b-waves were measured using Espion software (Version 6.0.54). Optical coherence tomography images were
collected byby Microscope Imaging System (ISOCT, OPTOPROBE) with OCT stratification software (CT Image Analysis, Version 2.0). Transmission
electron microscopy images were recorded byby using a Gatan 832 camera with 150 k ~ 250 k CCD under a Tecnai G2G2 Spirit Biotwin 120kV TEM.
The behavior test was performed inin a behavioral room and the video was recorded with anan infrared camera (JIERRUIWEITONG,
HW200-1080P).

GraphPad Prism (7, 10), Cas-analyzer (version 2016.12.14), TIDE 2.0.1, EditR 1.0.9, (Fiji IsIs Just) ImageJ2, FlowJo 7.6. Ethovision XTXT Version
15.NGS data was demultiplexed with bcl2fastq software. Amplicon sequencing data were analyzed using CRISPResso2 software (https://
github.com/pinellolab/crispresso2).
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender

Reporting on race, ethnicity, or
other socially relevant groupings

Population characteristics

Recruitment

Ethics oversight

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication

Randomization

Blinding

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Data generated or analysed during this study are available from the corresponding author on reasonable request. The deep sequencing data and the third-
generation sequencing data are available at NCBI BioProject under ID PRJNA752699. Single cell sequencing data are available at NCBI Gene Expression Omnibus
(GEO) under GEO accession number GSE182580.

N/A

N/A

N/A

N/A

N/A

For in vitro experiments, sample sizes were determined by triplicate samples. For in vivo studies, at least four mice were used for data
statistics in each group and at least three mice for imaging analysis. No sample-size calculation was performed to power each study.
Generally, sample sizes were chosen to meet or exceed the standards of reproducibility demonstrated in similar published studies.
(doi:10.1038/s41551-018-0252-8, 10.1016/j.ymthe.2020.09.032).

According to the exclusion criteria established by Gong Y, et al. (https://doi.org/10.1371/journal.pone.0132643), in the laser-induced mice
model experiment, only burns that produced a bubble without haemorrhage were used for choroidal neovascularization (CNV) areas analysis.
Outlier lesions with more than 5 times larger than the mean area of the other lesions in the same eye were excluded.

Studies that were repeated are noted in figure captions; three biologically independent replicates were performed unless otherwise noted.

Samples and animals were randomly allocated into experimental groups.

To ensure appropriate handling and data acquisition, the same individual was responsible for planning and executing the study. Consequently,
investigators were not blinded to group allocations during data collection; however, since data collection was carried out using instruments or
software, the results remain objective. For all behavioral and image metrics data that could be subjectively influenced, analysis was performed
by investigators who were blinded to the genotypes and treatments of the mice to get more reliable data.
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Materials & experimental systems

n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods

n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used

Validation

Antibodies used for western blotting:

Cas9 (7A9-3A3) Mouse mAb (Cell Signaling Technology, #14697), 1:3000;

-Actin (8H10D10) Mouse mAb (Cell Signaling Technology, #3700), 1:3000;

HIV-1 p24 mAb (24-4) (Santa Cruz Biotechnology, #sc-69728), 1:1000;

Huntingtin antibody (3E10) (Santa Cruz Biotechnology, #sc-47757), 1:2000;

HTT-HDC8A4 mAb (HDC8A4) (Thermo Fisher, #MA1-82100), 1:2000;

HTT-MW1 mAb (MW1) (Sigma-Aldrich, #MABN2427), 1:3000;

HTT-2166 mAb (1HU-4C8) (Sigma-Aldrich, #MAB2166), 1:2000;

Beta Actin Monoclonal Antibody (2D4H5) (Proteintech, #66009-1-lg), 1:5000;

Anti-mouse IgG, HRP-linked Antibody (Cell Signaling Technology, #7076), 1:3000;

Anti-rabbit secondary antibodies (Cell Signaling Technology, #7074P2), 1:3000;

Anti-mouse secondary antibodies (Proteintech, #SA00001-1), 1:3000.

Antibodies used for immunofluorescence:

Cas9 (7A9-3A3) Mouse mAb (Cell Signaling Technology, #14697), 1:800;

Anti-mouse Alexa Fluor 555 IgG (Cell Signaling Technology, #4409), 1:800 or 1:1000;

Anti-mouse Alexa Fluor 488 IgG (Jackson ImmunoResearch, #115-545-062), 1:300;

p24 mAb (#002) (Sino Biological, #11695-R002), 1:200;

Anti-rabbit Alexa Fluor 647 IgG (Jackson ImmunoResearch, #111-605-045), 1:300 or 1:1000;

HTT-2166 mAb (1HU-4C8) (Sigma-Aldrich, #MAB2166),1:500;

Mouse anti-NeuN antibody (A60) (Sigma-Aldrich, #MAB377),1:4000;

GFAP (E4L7M) XP® Rabbit mAb (Cell Signaling Technology, #80788), 1:500;

Iba1/AIF-1 (E4O4W) XP® Rabbit mAb (Cell Signaling Technology, #17198), 1:500;

Anti-rabbit Alexa Fluor 488 IgG (Jackson ImmunoResearch, #111-545-003), 1:1000 or 1:2000;

Anti-GFP antibody (GeneTex, #GTX113617), 1:1000;

Anti-glutamine synthetase antibody (GT1055) (GeneTex, #GTX630654), 1:1000;

Anti-mouse Alexa Fluor 647 IgG (Jackson ImmunoResearch, #115-605-003), 1:2000;

Alexa Fluor 488 Conjugates isolectin GS-B4 (Invitrogen, #I21411), 1:50.

Primary antibodies were validated for each application using manufacturers' guidelines. Multiple dilutions were tested to determine
the most appropriate dilution.

Cas9 (7A9-3A3) Mouse mAb has been validated by western blot and immunofluorescence (https://www.cst-c.com.cn/products/
primary-antibodies/cas9-7a9-3a3-mouse-mab/14697).

-Actin (8H10D10) Mouse mAb has been validated by western blot (https://www.cst-c.com.cn/products/primary-antibodies/b-
actin-8h10d10-mouse-mab/3700).

HIV-1 p24 mAb has been validated by western blot (PMID: 30131116).

p24 mAb (Sino Biological, 11695-R002) and primary mouse anti-huntingtin protein antibody have been validated in our experiment.

Huntingtin antibody (3E10) has been validated by western blot (PMID: 30819925).

HTT-HDC8A4 mAb has been validated by western blot (https://www.thermofisher.cn/cn/zh/antibody/product/Huntingtin-Antibody-
clone-HDC8A4-Monoclonal/MA1-82100).

HTT-MW1 mAb has been validated by western blot (https://www.sigmaaldrich.cn/CN/zh/search/mabn2427?
focus=products&page=1&perpage=30&sort=relevance&term=MABN2427&type=product).

HTT-2166 mAb has been validated by western blot and immunofluorescence (https://www.sigmaaldrich.cn/CN/zh/product/mm/
mab2166).

Beta Actin Monoclonal Antibody has been validated by western blot (PMID: 29133412).

Mouse anti-NeuN antibody has been validated by immunofluorescence (https://www.merckmillipore.com/CN/zh/product/Anti-
NeuN-Antibody-clone-A60,MM_NF-MAB377).

GFAP (E4L7M) XP® Rabbit mAb antibody has been validated by immunofluorescence (PMID: 34620734).

Iba1/AIF-1 (E4O4W) XP® Rabbit mAb antibody has been validated by immunofluorescence (PMID: 34744697).

Anti-GFP antibody antibody has been validated by immunofluorescence (https://www.genetex.cn/Product/Detail/GFP-antibody/
GTX113617).

Anti-glutamine synthetase antibody has been validated by immunofluorescence (https://www.genetex.cn/Product/Detail/Glutamine-
synthetase-antibody-GT1055/GTX630654).
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Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Novel plant genotypes

Seed stocks

Authentication

Plants

Alexa Fluor 488 Conjugates isolectin GS-B4 has been validated by immunofluorescence (https://www.thermofisher.cn/order/catalog/
product/I21411?SID=srch-srp-I21411).

SH-SY5Y, HeLa, and THP-1 cells were obtained from the laboratory of Soren Riis Paludan; 293T was obtained from the
laboratory of Jacob G. Mikkelsen; HEB and HS683 were obtained from the Department of Science and Education, Jiangxi
Cancer Hospital. NIH3T3 was obtained from the laboratory of Dali Li; Cos7 and primary fibroblast cells (from Crab-eating
Macaque) were obtained from the laboratory of Hui Yang. Primary mouse glia cells were freshly isolated from C57BL/6J mice.
The original commercial source of the cell lines HEB and HS683 used in the study was from the Cell Bank of the Shanghai
Branch of the Chinese Academy of Sciences. The other cell lines used in the study were from ATCC. CHDI-90002166-1 iPSC
clonal line (CHDI-66), derived from a male Huntington’s Disease patient that carries 43 and 18 CAG repeats, was kindly
provided by CHDI Foundation.

None of the cell lines used were authenticated.

All cell lines were tested negative for mycoplasma contamination.

No commonly misidentified lines were used in the study.

Six-week-old, male, 20±2 gram, pathogen-free C57BL/6J mice were used in this study. Heterozygous Q175 knock-in mice were
purchased from Jackson Laboratories (CAT#027410), and the animals were subjected to surgery at 2 months' age. Mice were housed
in an environmentally controlled room (22 ± 2 °C, with 40-70% humidity and 12 hr/12 hr light-dark cycle). Healthy crab-eating
macaque (Macaca fascicularis) aged 4-12 years were included in this study. The monkeys were kept in a room with a controlled
environment (24°C ± 2°C, relative humidity of 40%–70%, 12-h light/dark cycle) and provided with food (twice per day) and adequate
drinking water.

The study did not involve wild animals.

Male mice and male crab-eating macaques were used in this non-gender-related study.

The study did not involve samples collected in the field.

Mice experiments were conducted at Shanghai Jiao Tong University and the Eye, Ear, Nose and Throat Hospital Affiliated with Fudan
University. The animal care, experiment, and treatment procedures used in this study followed the guidelines of the Institutional
Animal Care and Use Committee (IACUC) of each institute and were in accordance with the Association for Research in Vision and
Ophthalmology (ARVO) statement on animal testing. The crab-eating macaque study was performed in PharmaLegacy Laboratories
(Shanghai) Co., Ltd., following the approval of the Biology Laboratory Animal Management and Use Committee of PharmaLegacy.

N/A

N/A

N/A
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Flow Cytometry

Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot ofof group (a(a 'group' isis anan analysis ofof identical markers).

All plots are contour plots with outliers oror pseudocolor plots.

A numerical value for number ofof cells oror percentage (with statistics) isis provided.

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

Tick this box toto confirm that a figure exemplifying the gating strategy isis provided inin the Supplementary Information.

Cells were harvested and washed with PBS twice prior toto analysis.

LSR Fortessa flow cytometer (BD Biosciences).

BDBD FACSDiva 7 was used toto collect flow cytometry data; FlowJo 7.6 was used toto analyze data.

The percentages ofof hyRV-G oror VSV-G pseudotyped IDLV-transduced cells oror HSV-1 infected cells were depicted inin the main
text figures. Specifically, the GFP+ cells were identified according toto GFP expression byby the flow cytometry with the
population abundance also depicted.

Cells were identified byby forward and side scatter. Cells were examined for GFP signal. Non-transduced cells were used asas a
negative control toto draw boundaries between GFP positive and negative cells.
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