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GENETICS

Genome-editing prodrug: Targeted delivery and
conditional stabilization of CRISPR-Cas9 for precision

therapy of inflammatory disease

Xiaojie Yan't, Qi Pan't, Huhu Xin', Yuxuan Chen’, Yuan Ping”z*

Regulation of CRISPR-Cas9 functions in vivo is conducive to developing precise therapeutic genome editing. Here,
we report a CRISPR-Cas9 prodrug nanosystem (termed NanoProCas9), which combines the targeted delivery and
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the conditional activation of CRISPR-Cas9 for the precision therapy of inflammatory bowel disease. NanoProCas9
is composed of (i) cationic poly(B-amino ester) (PBAE) capable of complexing plasmid DNA encoding destabilized
Cas9 (dsCas9) nuclease, (ii) a layer of biomimetic cell membrane coated on PBAE/plasmid nanocomplexes for the
targeted delivery of PBAE/dsCas9 complexes, and (iii) the stimuli-responsive precursory molecules anchored on
the exofacial membrane. The systemic administration of NanoProCas9 enables the targeted delivery of dsCas9
plasmid into inflammatory lesions, where the precursory small molecule can be activated by ROS signals to stabilize
expressed dsCas9, thereby activating Cas9 function for inflammatory genome editing. The proposed “genome-editing
prodrug” presents a proof-of-concept example to precisely regulate CRISPR-Cas9 functions by virtue of particular

pathological stimuli in vivo.

INTRODUCTION
The genome engineering by virtue of RNA-guided endonuclease
from bacterial clustered, regularly interspaced, short palindromic
repeats (CRISPR)-associated protein 9 (Cas9) represents a facile,
powerful tool to edit genome with high specificity. CRISPR-Cas9-
based genome-editing technologies hold enormous potentials for a
wide range of applications across basic science, medicine, and bio-
technology. Particularly, genome editing with CRISPR-Cas9 has
shown great therapeutic benefits for the treatment of genetic disor-
ders, such as Duchenne muscular dystrophy syndrome (1) and
B-haemoglobinopathies (2). Besides, CRISPR-Cas9-based thera-
peutic genome editing is also emerging as a potential option for the
remission or the treatment of intractable inflammatory diseases
(3-5). As a constitutive active form, wild-type Cas9 nuclease is
often used for therapeutic genome editing in vivo; however, the
nonspecific distribution of Cas9 raises safe concerns as a result of
off-target activity at the tissue level. For example, adeno-associated
virus-mediated delivery of CRISPR-Cas9 has shown accumulation
in the nonspecific organs such as liver, heart, brain, and muscle,
which remains a major concern of genotoxicity (6). To this end,
recent efforts have been dedicated to developing optical strategies to
improve spatial specificity by regulating Cas9 activity in response to
light irradiation in vivo (7, 8). Although the regulation of Cas9
functions by light presents several distinctive features, such as non-
invasiveness and reversibility (9), the manipulation modality suffers
from the penetration depth of light when it comes to in vivo inves-
tigations, a major barrier impeding genome editing at deep tissues
or organs (10).

Recent advances in chemical control to modulate Cas9 functions
by small molecules open new avenues to regulate Cas9 activity at
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both transcriptional and posttranscriptional levels. In general, chemical
control of Cas9 functions takes advantages of the ability of tailored
small molecules to activate or inhibit Cas9 nuclease activity. Several
chemical control strategies, such as destabilized Cas9 (dsCas9) sys-
tems (11, 12), self-splicing intein-Cas9 systems (13), and dimeriza-
tion of split-Cas9 systems (14), have been designed in an attempt to
increase spatiotemporal specificity of CRISPR-Cas9 genome editing.
As opposed to light, small molecules can be ideally delivered in an
organ-specific manner to reach the deep tissues from the site of
administration, eliminating the critical issue of penetration depth
that optical regulation suffers (15). However, the precise regulation
of Cas9 activities across temporal and spatial dimensions by small
molecules has yet to be demonstrated in vivo and remains to be
elusive due to the following reasons. First, only both small-molecule
modulators and conditional CRISPR-Cas9 systems that reach the
target tissue simultaneously can recover the activity of CRISPR-Cas9
for the targeted genome editing. Second, although the targeted de-
livery could improve the accumulation of both cargoes in the target
organs, the nonspecific distribution and activation of CRISPR-Cas9,
caused by the inherent leakage of cargoes during the delivery pro-
cesses, are still unavoidable. Third, to be effective, both cargoes
should be coloaded into a single delivery vector to amplify the activ-
ity and the therapeutic effects of CRISPR-Cas9.

To address the above issues, we here present the first site-specific,
activatable CRISPR-Cas9 nanoprodrug system (termed NanoProCas9),
which combines the targeted delivery and the conditional activation
of CRISPR-Cas9 in response to particular biological signals in vivo.
NanoProCas9 is designed as follows (Fig. 1A). First, poly(B-amino
ester) (PBAE), a cationic polymer capable of delivering nucleic acids
efficiently (16, 17), was used to deliver plasmid DNA encoding
dsCas9 with dihydrofolate reductase (DHFR) domains (12). Subse-
quently, a layer of biomimetic macrophage membrane (MM) is
exploited to coat on the PBAE/plasmid nanocomplex surface to
afford the targeted delivery of dsCas9 to the inflammatory lesions.
Last, a reactive oxygen species (ROS)-responsive, precursory mole-
cule (termed BAM-TK-TMP) with the hydrophobic tail is anchored
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Fig. 1. Schematic illustration of targeted delivery and inflammation-specific genome editing mediated by NanoProCas9 system. (A) Process of preparation of the
PPMMT complex. The plasmid encoding the dsCas9 sequence with DHFR domains is first designed and is then complexed with the cationic polymer (PBAE) to form PBAE/
plasmid complexes. Afterward, the polyplexes are coated with MMs derived from RAW264.7 cells by extrusion to obtain membrane-coated polyplexes (PPMM). Last, a
small-molecule stabilizer (TMP) for dsCas9 was covalently conjugated to OE-PEG through a thioketal linker to obtain ROS-responsive BAM-TK-TMP, which was further
anchored on the membrane of PPMM to obtain PPMMT. CMV, cytomegalovirus. (B) lllustration of targeted delivery and inflammation-specific genome editing in the in-
flammatory colon lesion. PPMMT can preferably target the inflammatory colons by virtue of MMs, on which anchored TMP can be released accompanied by the cleavage
of thioketal linker mediated in the inflammatory environment. Thus, the plasmid delivered by PPMMT can be translated into dsCas9 and stabilized upon the released TMP
to recover the genome-editing activity. However, the translated dsCas9 is subjected to ubiquitin-dependent proteasomal degradation in the noninflammatory tissues,
thereby minimizing off-target genome editing at the tissue level despite the nonspecific distribution of PPMMT nanoassemblies.

on the macrophage exofacial membrane through lipid fusion. As
shown in Fig. 1B, after the systemic administration of NanoProCas9,
the biomimetic MM can direct NanoProCas9 to the inflammatory
lesion, where the small molecule can be activated by ROS signals
to release its active form, trimethoprim (TMP). Therefore, the ex-
pressed dsCas9 only becomes stabilized in the presence of TMP and
exerts its genome-editing missions for the modification of target
genome loci. Nevertheless, in the presence of inactive BAM-TK-
TMP or in the absence of TMP, structurally unstable dsCas9 is
quickly subjected to the ubiquitin-dependent proteasomal degra-
dation (18), thereby losing its nuclease activity to edit the target
genome loci. It should be noted that when the ROS level becomes
normal after the therapy, the administration of NanoProCas9
may not induce editing. As the TMP is readily to be customized
to respond to other pathological and physiological signals like
adenosine 5’'-triphosphate (ATP) (19), redox (20, 21), pH (22), and
enzymes (23), such a system represents an appealing platform for
both efficient delivery and targeted activation of CRISPR-Cas9 in
response to particular pathological signals for precision genome
editing in vivo.

Yan et al., Sci. Adv. 7, eabj0624 (2021) 8 December 2021

RESULTS

Characterization of NanoProCas9

Here, we developed a biomimetic nanoassembly composed of PBAE
with the ability to complex the plasmid encoding dsCas9 and single-
guide RNA (sgRNA), a layer of MM with the capability of actively
targeting inflammatory lesions, and the small molecules stabilizing
dsCas9 in the environment of demand. The illustration of assembly
process of NanoProCas9 was shown in Fig. 1A. First, PBAE, a cat-
ionic polymer that has previously shown to efficiently deliver plas-
mid DNA (16, 17, 24), was synthesized (figs. S1 to S4) and used to
complex plasmid encoding dsCas9 to form nanoscale polyplexes
(termed NP). Second, the MM was extracted by repeated freeze-
thaw in the liquid nitrogen and was further coated on polyplexes
after the extrusion (termed PPMM) (25, 26). The morphology and
size distribution of obtained MM, NP, and PPMM were character-
ized by transmission electron microscopy (TEM) and dynamic light
scattering (DLS), respectively. As shown in Fig. 2A, MM formed
typical hollow-structured vesicles with a thickness of approximately
10 nm, and DLS analysis indicated the irregular distribution of
MM due to their nature of fragments. At the N/P ratio of 4:1, NP
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Fig. 2. Characterization of MM-coated nanoassemblies and evaluation of ROS responsiveness of PPMMT. (A) Schematic illustration (top), representative TEM images
(middle), and size distribution (bottom) of macrophage membrane vesicle (MM), PBAE/plasmid complex (NP), and macrophage membrane-coated NP (PPMM). MM and
PPMM were negatively stained with phosphotungstic acid and were subsequently visualized with TEM. Scale bar, 100 nm. PDI, polydispersity index. (B) Zeta potential
analysis of NP, MM, and PPMM. Means + SD (n = 3). (C) SDS—polyacrylamide gel electrophoresis (SDS-PAGE) analysis of proteins of MM, PPMM, macrophage cell lysate
(MCL; cytosol proteins), and cell membrane of CT26 (CT26 CM). White arrows indicate the differences of protein profiles among the MCL, CT26 CM, and PPMM. (D) Western
blotting analysis of cell membrane proteins of NP, MM, and PPMM. (E) DNA gel retardation experiments of naked DNA, PBAE/CMV-Cas9-P2A-EGFP at various N/P ratios,
and NP and PPMM nanoassemblies at an N/P ratio of 4. (F) The N/P value was calculated as the ratio of positively charged amines within PBAE to negatively charged
phosphorus groups in the plasmid DNA. (G) Release profiles of TMP from BAM-TK-TMP anchored on the cell membranes in the presence of 100 uM or 1 mM H,0,. The
released TMP was quantified by ultraviolet-visible spectroscopy (UV-Vis). The data represent means + SD (n = 3). One-way ANOVA with a Tukey post hoc test, *P < 0.05 and
***¥¥P < 0.0001. PBS, phosphate-buffered saline.

displayed an average size of 138.6 nm, presenting spherical shape and  of CCR2 protein through chemokine-chemokine receptor axis, where-
relatively compact structure. After coating with the MM, a thinlayer of ~ as TNFR2 proteins bind to tumor necrosis factor—o. (TNF-a) to allevi-
coating shell over the NP surface was observed under TEM and slightly ~ ate inflammatory symptoms (32). To confirm whether the membrane
larger particle size (ca. 151 nm) was detected by DLS, suggesting the  proteins were still reserved after the extrusion, the total proteins of the
successful membrane coating. Zeta potential analysis indicated that MM, as indicated by SDS-polyacrylamide gel electrophoresis, were
the positively charged NP became negative after coating, largely owing  examined. As shown in Fig. 2C, the protein profiles from PPMM were
to the charge screening by the membrane (Fig. 2B). It is well docu-  almost identical to that of the native MM, which are different from
mented that the inflammation induces leukocyte homing and macro-  that of the macrophage cell lysate (MCL; cytoplasm proteins that did
phage accumulation within inflammatory tissues (27, 28). There are  not include cell membrane proteins) or CT26 cell membranes (CT26
several mediators promoting the macrophage chemotaxis (29), and =~ CM). Western blotting results, as shown in Fig. 2D, suggested that the
recent investigations reported that cell membrane proteins, such as  key proteins from MM, including CCR2 and TNFR2, were well re-
receptor proteins, play an important role in cell functions, such asin-  served after the membrane coating.

flammatory homing (30) and anti-inflammatory effects (31). The MM Gel retardation assay indicated that plasmid encoding Cas9
could direct coated nanoparticles to the inflammatory lesion by virtue  could be completely inhibited at the N/P ratio of 2, suggesting good
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ability of PBAE to complex large plasmid DNA (Fig. 2E). Note that the
membrane coating did not affect the complexation ability of PPMM as
compared with the uncoated NP complexes (Fig. 2F), although the
surface zeta potential turned from positive to negative after coating.
Furthermore, to anchor TMP into the membrane, a ROS-responsive
molecule (termed BAM-TK-TMP) was synthesized by conjugating
oleyl ether-modified poly(ethylene glycol) (OE-PEG) with TMP
through a thioketal linker (TK). The synthesis procedures of BAM-
TK-TMP are shown in fig. S5. Briefly, OE-PEG was first conjugated
with the one carboxyl end of the ROS-responsive thioketal linker
through a dicyclohexylcarbodiimide (DCC)-mediated coupling re-
action to obtain the intermediate BAM-TK-COOH. Then, after
TMP was converted to the phenolic form at its para-position, the other
carboxyl end of BAM-TK-COOH was further added to TMP through
the similar DCC-coupling reaction to obtain the final product BAM-
TK-TMP. The chemical structures of synthesized molecules were
characterized by proton nuclear magnetic resonance (‘H NMR). The
disappearance of the proton signal at 3.75 ppm (parts per million) that
belongs to the methoxy protons at para-position of benzene moieties
proved the successful synthesis of TMP-OH (fig. S6). In comparison to
the "H NMR spectrum of OE-PEG (fig. $7), in the spectrum of BAM-
TK-COOH (fig. S8), the proton signals between § 2.7 and 2.9 ppm were
attributed to PEG fragments. The proton signals at 2.6 to 3.0 ppm
(peaks a and b) were assigned to the methylene protons in the vicinity
of thioketal bonds, suggesting the successful introduction of the
ROS-responsive linker. In the spectrum of BAM-TK-TMP (fig. S9), the
newly formed characteristic peak at 6.5 ppm (peak b) was attributed to
the methane protons in the benzene of TMP moieties, and the addi-
tional singlet at 3.81 ppm (peak c) was ascribed to the methoxy protons
(33). Collectively, the information from 'H NMR spectra suggested
that the proposed molecules were synthesized successfully. In addition,
gel permeation chromatography (GPC) and matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) results suggested
that the synthesized polymers (including BAM-TK-TMP and PBAE)
were in narrow distribution and high homogeneity (figs. S4 and S7 to
89). To investigate whether BAM-TK-TMP could be readily inserted
into the membrane through its hydrophobic oleyl end, rhodamine-
labeled OE-PEG was used to stain MM according to a previous report
(34). As shown in fig. S10, strong red fluorescence could be observed
over the macrophage surface, strongly suggesting the successful an-
choring of OE-PEG-conjugated small molecules into the lipid mem-
brane of macrophages. To further verify ROS-responsive cleavage of
thioketal linkers to release TMP at the high ROS level (as shown in fig.
S11), the released TMP from PPMMT nanoassemblies was monitored
under the ROS-mimic environment. In the presence of 100 pM H,O,
[the concentration relevant to in vivo condition (35)], whereas the
release of TMP reached 16.8% in the first 24 hours and achieved
22.8% within 48 hours (Fig. 2G), the increase of H,O; concentration to
1 mM markedly promoted the total release of TMP up to 85% within
48 hours. However, without H,O, stimulation, the release of TMP from
PPMMT was almost indiscernible due to the good chemical stability of
thioketal linkers in the normal physiological condition. Together, these
findings demonstrate that PPMMT nanoassemblies are successfully
prepared and exhibit good sensitivity in response to ROS stimuli.

Conditional activation of CRISPR-Cas9 by

NanoProCas9 in vitro

To evaluate the transfection efficiency of PBAE, the transfection of
plasmid encoding Cas9 with an enhanced green fluorescence protein

Yan et al., Sci. Adv. 7, eabj0624 (2021) 8 December 2021

(EGFP) tag was carried out in CT26 cells (a Mus musculus colon
carcinoma cell line), investigated with a fluorescence microscope, and
quantified by flow cytometry (FCM). As indicated by strong green
fluorescence in Fig. 3A, PBAE, PPMM, and PPMMT exhibited excel-
lent ability to transfect CT26, and quantitative analysis performed
by FCM indicated that EGFP-positive cells reached nearly 40% after
48 hours of transfection (Fig. 3B). PBAE displayed the comparable
transfection efficiency as commercially available transfection agents,
including jetPEI and Lipofectamine 3000, although the PBAE/plasmid
complex coated with MM (PPMM) or PPMM anchored with BAM-
TK-TMP (PPMMT) showed slightly declined transfection efficiency as
compared with PBAE. To investigate the effects of ROS depletion by
BAM-TK-TMP, we used 2,7-dichlorodihydrofluorescein diacetate
(DCFH-DA) as a green fluorescent ROS probe to evaluate the de-
pletion capability of ROS of BAM-TK-TMP. As a control, the treat-
ment of CT26 with 100 uM H,0, showed the noticeable increase of
fluorescence intensities, owing to the increased level of ROS species
(Fig. 3, C and D). Nevertheless, the addition of BAM-TK-TMP could
remarkably deplete ROS species in a concentration-dependent man-
ner. On the basis of these results, we further transfected dsCas9
plasmid mediated by PPMMT to investigate the conditional activa-
tion of dsCas9 in response to ROS stimulation. To this end, the pro-
tein expression of FLAG-tagged Cas9 was investigated through
Western blotting analysis. As expected, the protein band of wild-
type Cas9 (166 kDa) was clearly observed after PPMMT-mediated
transfection of plasmid encoding wild-type Cas9 (WT group) as
shown in Fig. 3E, whereas it was hardly observed after PPMMT-
mediated transfection of plasmid encoding dsCas9 without the
H,0, stimulation (unstimulated group). In contrast, the band of
dsCas9 (201 kDa) became visible after the stimulation (stimulated
group), implying the stabilization of dsCas9 by released TMP
(Fig. 3E). As shown in Fig. 3F, semiquantitative analysis of protein
band intensities from Fig. 3E and fig. S12 indicated that the level of
Cas9 protein in the stimulated group was approximately 80% rela-
tive to the wild-type group (WT group). In the meantime, real-time
quantitative reverse transcription polymerase chain reaction (PCR)
results suggested that there was almost no statistical difference be-
tween the unstimulated group and the stimulated group in terms of
the Cas9 mRNA level, and similarly, no difference was observed be-
tween the stimulated group and the WT group. To further confirm
that the degradation of dsCas9 is dependent on the pathway of
ubiquitin-dependent proteasomal degradation, we used a protea-
some inhibitor, MG132, to investigate whether such a degradation
could be inhibited. By transfecting the plasmid encoding dsCas9
mediated by PPMM or PPMMT under the stimulation, the bands of
the PPMM + MG132 group (with inhibitor) and the PPMMT group
(with TMP stabilization) are clearly visible, in contrast with the
PPMM group (without TMP stabilization and inhibitor) and the
negative control group (untreated cells) (Fig. 3G). The above results
suggested that stimuli-induced stabilization of dsCas9 is posttrans-
lational, the process of which was not affected at the transcriptional
level. In comparison with transcriptional control of CRISPR-Cas9,
such as by light, the chemical control by means of stimuli-responsive
activation of small molecules, in collaboration with the delivery tech-
nologies, offers a more straightforward way to improve the temporal
specificity of CRISPR-Cas9. We further investigated the disruption
of target genome loci by PPMMT-mediated transfection in vitro.
Prolyl hydroxylase domain 2 (PHD?2) gene is selected as the target of
interest, as its down-regulation contributes to hypoxia-inducible
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Fig. 3. Intracellular delivery and conditional activation of genome editing mediated by NanoProCas9 in vitro. (A) Fluorescence images of CT26 cells transfected with
nanoparticles. Scale bar, 100 um. (B) Quantitative analysis of EGFP-positive cells by FCM. (C and D) Mean fluorescence intensity (MFI) of DCFH-DA in CT26 cells after the
indicated treatment as investigated by FCM. (E) Schematic illustration of the stabilization of dsCas9in the presence of TMP (top) and Western blotting analysis of Cas9
expression after PPMMT-mediated transfection (bottom). (F) Relative level of Cas9 protein (left) or mRNA (right) after PPMMT-mediated transfection. CT26 cells were used as
the control group, and PPMMT-mediated transfection of plasmid encoding wild-type Cas9 was used as the WT group. (G) Expression level of Cas9 protein after treatment
with MG132 proteasome inhibitor. (H) T7E1 indel analysis of PHD2 locus of CT26 cells after PPMMT-mediated transfection of plasmid encoding wild-type Cas9 or dsCas9
targeting PHD2 locus. () Deep sequencing result of mutation frequency on PHD2 locus and off-target loci of CT26 cells with indicated treatment. (J) Investigation of cellular
uptake mechanism of PPMMT in CT26 analyzed quantificationally by FCM. (K) Cellular uptake and endosomal escape of PPMMT in CT26 cells 6 hours after the transfection,
as evaluated by confocal laser scanning microscopy (CLSM). Scale bar, 20 um. (L) Statistics of Pearson’s correlation coefficient from CLSM images. Data represent
means+SD; n=3 (B, D, F, |, and J) or n=5 (L). N.D., not detectable. The statistical significance is analyzed by one-way ANOVA with a Tukey post hoc test, *P < 0.05,
***P < 0.001, and ****P < 0.0001. ns, no significance.

factor-1o (HIF-1a) stabilization, which further decreases the ex- insertion and deletion (indel) frequency reached 29.2% under the
pression of TNF-a proinflammatory cytokines and relieves the  stimulation, which is close to wild-type Cas9-induced genomic mu-
inflammation (36). By optimizing sgRNA sequences (tables S1 and  tation (WT group in Fig. 3H and fig. S15) at PHD2 locus. The de-
S2), we obtained optimal sgRNA sequence that was subsequently  gree of indel frequency agrees with Western blotting results, where
used to target PHD?2 locus (fig. S14). As shown in Fig. 3H, the the protein level of PHD2 became the lowest under the stimulation
delivery of PPMMT nanoassemblies without H,O; treatment dis-  and is close to that of wild-type Cas9 (fig. S16). Furthermore, we
played the faint disruption of PHD2locus, as revealed by the cleaved  also investigated the activity of dsCas9 after PPMMT-mediated
band produced by T7 endonuclease I (T7E1) digestion. In sharp transfection with or without stimulation at different time points in
contrast, the cleaved bands became clearly visible after H,O, treat-  the presence of 10% fetal bovine serum (FBS). As shown in fig. S17,
ment, suggesting the strong genomic disruption of PHD2. The the indel frequency first increased with time, reaching the highest at
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48 hours after transfection. Subsequently, the indel frequency slightly
dropped with time. In the meantime, we found that the background
indel frequency (unstimulated/stimulated at the same time point)
showed the similar trend but much lower value, suggesting the low
background activity of dsCas9 at the unstimulated state under the
serum condition. Collectively, the above results suggest that dsCas9
only can become stabilized and functional in the presence of its pre-
cursory stabilizer under ROS stimulation.

It was reported that prolonged expression of Cas9 would cause
undesirable off-target effects, which may lead to potential catastrophic
biological events, such as chromosomal translocations (37). Off-target
effect is often observed in an elevated Cas9 activity, and the contin-
uous, sustained expression of Cas9 can often result in off-target
activity, which often occurs at a rate slower than that of on-target
activity (8, 38, 39). To analyze the off-target effects in PHD2 loci,
Cas-OFFinder was used to estimate the off-target genomic loci and
the corresponding primers for PCR were designed (tables S3 and
S4). Deep sequencing was performed to quantitatively analyze the
genomic mutations in both on-target and off-target sites following
the treatment of NanoProCas9 (Fig. 3I). Whereas detectable off-target
mutations (7.1%) were found following the transfection of wild-
type Cas9, very low degree of off-target editing was observed in the
NanoProCas9 group after the stimulation (1.6%). The specificity
ratio, defined as the ratio of on-target mutations to off-target muta-
tions (8), was ca. 18.21 + 1.32 in the NanoProCas9 group, which was
much higher than that after the transfection of wild-type Cas9
(4.33 £ 0.21). As dsCas9 in NanoProCas9 is a Cas9 variant fused
with structurally unstable protein domain derived from Escherichia
coli DHFR, it is prone to rapid, ubiquitin-dependent proteasomal
degradation without the stabilizer (12). Thus, upon the successful
intracellular delivery of NanoProCas9, the nuclease only becomes
functional when dsCas9 is stabilized by TMP. Previous reports have
proved that the proteasomal degradation and nuclease activity of
dsCas9 act in a concentration-dependent manner, where sufficient
TMP concentration is required to recover the full nuclease activity
of dsCas9 (11). Furthermore, given the fact that the restriction of
the nuclease activity to a narrow temporal window is highly desir-
able to minimize the off-target events, we believe that the lower
off-target activity contributed by NanoProCas9, as opposed to wild-
type Cas9, is mainly due to the exhaustion of TMP released from
NanoProCas9 that further results in the confined time window of
genome-editing activity. Together, the delivery of NanoProCas9
may minimize off-target effects at the genomic level via conditional
activation of dsCas9 endonuclease.

Cellular uptake and endosomal escape capability of

PPMMT nanoassembly

To investigate the endocytosis pathway of PPMMT, different inhibi-
tors were supplemented before the transfection of the plasmid labeled
by YOYO-1 (green fluorescence). CT26 cells were pretreated with
different inhibitors to investigate their internalization pathway, and
results are shown in Fig. 4]J. First, we found that the uptake of PPMMT
was significantly inhibited at 4°C, suggesting that the internalization
is energy dependent. Second, the addition of chlorpromazine (an
inhibitor of clathrin-mediated endocytosis) or methyl-B-cyclodextrin
(mpB-CD; a lipid raft inhibitor) could remarkably inhibit the inter-
nalization, whereas genistein (an inhibitor of caveolae-mediated
uptake) or 5,5'-dithiobis-2-nitrobenzoic acid (DTNB; an inhibitor
of thiol-mediated translocation) treatment merely affected the
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uptake of the PPMMT, indicating that the endocytosis of the PPM-
MT is clathrin and lipid raft dependent.

To investigate the endosomal escape, plasmid DNA, PBAE, and
endo/lysosome were labeled with green (YOYO-1 for the plasmid,
fluorescein isothiocyanate for PBAE) or red fluorescence dye
(LysoTracker for endo/lysosomes). At the same time, cell nuclei
were labeled with blue fluorescence dye. After 6 hours of transfec-
tion, although a small fraction of plasmid/PBAE complexes were
still trapped in lysosome (white arrows), green fluorescence from
PBAE/plasmid has already spread out from the red fluorescence,
suggesting the escape of PBAE/plasmid complexes from the endo/
lysosome compartments (Fig. 4K). The colocalization coefficient
between lysosomes and plasmids was analyzed by Image]J (with
JACoP plugin). Pearson’s coefficient between lysosomes and plasmids
(or lysosomes/PBAE) is 0.218 (0.226), as shown in Fig. 4L, confirming
the strong capacity of endosomal escape.

To investigate whether TMP could diffuse from the extracellular
milieu into the intracellular cytoplasm, we first added PPMM into
the cell culture. After the transfection for 6 hours, the cell culture
medium was replaced with a new one, in which BAM-TK-TMP was
added. Without the stimulation of H,O,, only faint cleaved band in
PHD2 locus was observed [PPMM + BAM-TK-TMP (-) group; fig.
S18]. However, the release of free TMP from BAM-TK-TMP upon
the H,O, stimulation [PPMM + BAM-TK-TMP (+) group; fig. S18]
resulted in significant genomic disruption at PHD2 locus. These
results suggest that only free TMP released from its precursory mol-
ecule (BAM-TK-TMP) could readily diffuse into the cell culture to
induce the stabilization of dsCas9.

NanoProCas9 system-mediated inflammatory genome
editing in vivo

To evaluate the conditional activation in vivo, NanoProCas9 targeting
PHD?2 gene in the inflammatory lesions was administered to the
BALB/c mice with dextran sulfate sodium (DSS)-induced colitis
(40, 41) (Fig. 4A), and mice without DSS or other treatments were
set as the normal group. First, we studied the homing capacity of
NanoProCas9 to the inflammatory lesions in vivo. As shown in
fig. S19, 1,1’-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine
perchlorate (Dil)-labeled PPMMT could primarily accumulate in
the colon of the DSS mice 24 hours after the systemic administra-
tion. In contrast, nanoassemblies were readily trapped by the mac-
rophages in the mononuclear phagocyte system (MPS) of the healthy
mice and tended to accumulate primarily in the liver, spleen,
and lungs (42). To further investigate the therapeutic potential of
NanoProCas9 in DSS-treated mice, the intravenous administration
of PPMMT nanoassemblies was carried out. NanoProCas9-mediated
therapy potently protected mice against DSS-induced shortening of
colon and loss of body weight (Fig. 4, B to D). The disease activity
index (DALI score, the measure of weight loss, stool consistency,
and rectal bleeding) notably decreased after the treatment with
PPMMT nanoassemblies, whereas the group treated with nano-
assemblies without TMP (PPMM group) or PPMMT with plasmid
encoding scrambled sgRNA (mock group) generally showed higher
DALI score (Fig. 4E and fig. S20). The typical symptoms of colitis,
including the loss of body weight and the decrease of colon length,
were relieved in the PPMM or mock group, which is likely due to
the binding of proinflammatory TNF-a by TNFR2, a receptor on
the MM (32, 43). We further analyzed the indel frequency of PHD2
locus of colon tissues by T7EI assay. As shown in Fig. 4F, although
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Fig. 4. NanoProCas9-mediated inflammatory genome editing for the treatment of inflammatory bowel disease. (A) Schematic illustration of colitis treatment with
NanoProCas9. At day of 7, mice were sacrificed by cervical vertebra dislocation and colons were collected for further analysis. Mice without DSS or other treatments were
set as the normal group. i.v., intravenous. (B) Colon images with a dotted line every 5 cm as a length indicator and (C) corresponding length after the indicated treatment.
The data are shown as means + SD (n = 5). One-way ANOVA with a Tukey post hoc test, *P < 0.05, **P < 0.01, and ***P < 0.001. (D) Changes in body weight of mice after the
specified treatment. Data are normalized as a percentage of the body weight at day 0. Data are presented as means + SD (n = 5). One-way ANOVA with a Tukey post hoc
test, *P < 0.05 and **P < 0.01. (E) DAI index of colitis of the indicated group. Symptom1, body weight; Symptom2, rectal bleeding; Symptom3, stool consistency. (F) Ge-
nomic disruption of PHD2 after the indicated treatment as analyzed by T7E1 and Sanger sequencing of TA cloning; five sequences of clones with mutations are represented.
Data are presented as means + SD (n = 3). One-way ANOVA with a Tukey post hoc test, ***P < 0.001. PAM, protospacer adjacent motif.

the faint band could be observed in the PPMM group due to the basal
indel mutation, the PPMMT group showed an indel frequency of 14.8%,
suggesting the successful genome editing of PHD2. Sanger sequenc-
ing confirmed the genome editing at the target loci, including base
deletion and substitution around the protospacer adjacent motif.
Nonspecific genome editing at off-target tissues is one of the major
concerns when genome editing was exploited for therapeutic pur-
poses (44, 45). To evaluate the off-target editing at the tissue level,
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we isolated heart, liver, spleen, lung, kidney, and colon from the
mice after the treatment with PPMMT that contained plasmids en-
coding dsCas9 (PPMMT) or wild-type Cas9 (PPMMT-WT). T7E1
and deep sequencing analysis were presented to show the degree of
the mutations at the target genomic locus in the major organs (fig.
S21). Inspiringly, there were almost no distinct indel mutations de-
tected in the major organs of the mice after treatment with PPMMT,
while notable mutation in PHD2 loci was observed in liver, lung,
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and spleen of the mice with inflamed bowel after treatment with
PPMMT-WT (Fig. 5A and figs. S22 and $23), causing undesired tissue
off-target effects. As Kupffer cells in the liver are responsible for the
binding and/or uptake of foreign materials, PPMMT nanoassemblies
that were internalized by Kupffer cells during their circulation were
likely to cause genome editing in the liver, leading to the high genome
mutations in the liver in the PPMMT-WT group. Deep sequencing
analysis also indicated that base deletion constituted the major type
of mutation (10.60%), followed by substitution (3.91%) and inser-
tion (1.14%) (fig. S24). At the mRNA level, there was a remarkable
decline in terms of PHD2 and TNF-o. (Fig. 5, B and C).

The change of protein expression of PHD2 and TNF-a was com-
parable to that of corresponding mRNA (Fig. 5, D and E, and fig.
S$25). While myeloperoxidase (MPO) activity was highly elevated in
the colon of mice in the colitis group, it markedly decreased in the
NanoProCas9-treated group (Fig. 5F). It was documented that the
advance of colitis could lead to the sharp rise of white blood cells
(WBCs) in the blood (41). As expected, the treatment by NanoProCas9
led to a sharp decrease in the WBC level, as compared with that in
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the PPMM or mock group (Fig. 5G). In addition, the functional
damage of intestinal epithelial barriers is a characteristic feature of
the intestinal injury. As suggested in Fig. 5H, PPMMT-treated DSS
mice exhibited intestinal epithelial structures similar to those of the
healthy mice. As a classical signal in the inflammatory diseases, the ROS
level was also analyzed in virtue of red fluorescent probe. As shown
in fig. $26, ROS species were abundant in the colon of DSS model,
leading to the obvious damage of epithelial cells and chaos of gut
immunity (40, 46). In contrast, PPMMT-treated mice showed ROS
intensities in colon similar to those of the healthy mice. These results
collectively suggested that the delivery of NanoProCas9 for the ge-
nome editing of PHD2 gene is conducive to the treatment of colitis.

Safety evaluation

We then evaluated the biocompatibility of NanoProCas9. First, cell
counting kit-8 (CCK-8) and lactate dehydrogenase (LDH) release
assays were performed to investigate the cell viability of the various
components in NanoProCas9. The results showed that NP, MM,
BAM-TK-TMP, and PPMMT (the concentration of each group was
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Fig. 5. In vivo genome-editing specificity and pathological index. (A) Deep sequencing results of PHD2 mutation frequency in various organs after the treatment by
PPMMT (with plasmid encoding dsCas9) or PPMMT-WT (with plasmid encoding wild-type Cas9). Data are presented as means + SD (n = 3). One-way ANOVA with a Tukey
post hoc test, ****P < 0.0001. mRNA level of PHD2 (B), mRNA level of TNF-a (C), and protein level of TNF-a analyzed by enzyme-linked immunosorbent assay (ELISA)
(D), Western blotting analysis of PHD2 and TNF-a expression (E), and MPO activity (F) in colon tissues. (G) Relative white blood cells in the blood after the indicated treatment.
(H) Representative hematoxylin and eosin (H&E)-stained colon tissues in mice after the indicated treatment. Scale bar, 500 um. Data are presented as means + SD (n =4).

One-way ANOVA with a Tukey post hoc test, **P < 0.01 and ****P < 0.0001.
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equivalent to the final concentration of PPMMT) displayed low cyto-
toxicity and hardly affected the cell viability (fig. S27). In addition,
to evaluate the safety of NanoProCas9 in vivo, the healthy mice were
treated with NanoProCas9. No significant loss in body weight was
observed for 8 days (fig. S28). Hematoxylin and eosin (H&E) stain-
ing of major organs (fig. S29) further revealed that there were no
obvious pathological changes after the repeated administration of
PPMMT, as compared with healthy control mice. Moreover, no
abnormity was observed in terms of liver and kidney functions of
the healthy mice after the treatment with NanoProCas9 (fig. S30).

DISCUSSION

In this study, we developed a conditionally activatable CRISPR-Cas9
nanoassembly, which serves as prodrug for precise inflammatory
genome editing. As a genome-editing prodrug, whereas dsCas9 is
subjected to ubiquitin-dependent proteasomal degradation in non-
specific tissues, it becomes stabilized and functional after being
delivered to the inflammatory lesion, where the precursory small-
molecule stabilizer can be released under the ROS stimuli to trans-
form into its active form. The conditional activation by NanoProCas9
could afford deep-tissue genome editing, which well avoids previ-
ous challenges in the penetration depth that the optical regulation
of CRISPR-Cas9 suffers. The MM not only plays an important role
in directing NanoProCas9 to the inflammatory lesion but also serves
as a supporter for anchoring small-molecule stabilizers. Thus, the
systemic administration of NanoProCas9 enables the targeted de-
livery of dsCas9 plasmid into inflammatory lesions, where the pre-
cursory small molecule can be transformed into its active form under
the ROS signals to stabilize expressed dsCas9. This also explains why
NanoProCas9-mediated genome editing presents in a site-specific
manner and can be activated exclusively in the inflammatory lesions.

A number of previous investigations suggest that MM-coated
delivery vesicles could preferentially target inflammation lesions
(32, 47); however, we still found that a large portion of these biomi-
metic nanoparticles were trapped by MPS in the liver (followed by
lung and spleen) when the plasmid encoding wild-type Cas9 was
delivered, causing considerable nontargeted, nonspecific genome ed-
iting at these organs. So far, several other effective approaches are
reported to alleviate nonspecific genome editing in the liver. For
example, Siegwart and coworkers reported a selective organ target-
ing (SORT) strategy by which lipid-based nanoparticles with the
addition of a component (SORT molecule) can selectively deliver
Cas9 mRNA to the target tissue, which represents an appealing way
to minimize nonspecific editing in the liver (48, 49). Another possi-
ble strategy to avoid nonspecific editing in the liver is to express
Cas9 with an inducible promoter, or a promoter that is active only
in specific biological contexts (4). Unfortunately, the nonspecific
genome editing in the liver is largely unexplored in these reported
systems. In the current study, NanoProCas9, as a genome-editing
prodrug system, can significantly decrease the nonspecific editing
in the liver, with an indel frequency less than 3%. These encourag-
ing results suggest that the NanoProCas9 system is generally inert
in the liver despite its nonspecific distribution.

During our study, we did not observe the obvious side effects of
local disruption of PHD2 in the colon tissue. Although it was re-
ported that systemic conditional knockout of PHD2 in adult ani-
mals could induce angiogenesis, erythrocytosis, and changes in
energy metabolism with ultimately lethal consequences (50), the
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inflammation-specific genome editing meditated by NanoProCas9
can well evade the systemic disruption of PHD2, thereby greatly en-
suring the safety profiles of genome editing at PHD2 locus. Besides,
owing to the restricted nuclease activity to a narrow temporal window,
the conditional activation of genome editing mediated by NanoProCas9
also significantly reduces off-target mutations, which is similar to
our previous findings and in agreement with other reports (8, 12).
Regarding the clinical translation of NanoProCas9, the background
activity of dsCas9 needs to be strictly limited. To address this issue,
future efforts should be dedicated to screening different variants of
dsCas9 by optimizing the number and position of DHFR domains in
DHFR-fused Cas9 protein (11). Furthermore, the delivery of mRNA
encoding dsCas9, instead of the plasmid form, may also contribute
to lowering the background activity by shortening the time of dsCas9
expression (44). These strategies are expected to boost the safety
profiles of NanoProCas9 that are considered for clinical translation.

In summary, as a proof-of-concept study, the NanoProCas9
system integrates targeted delivery and conditional activation of
CRISPR-Cas9, offering a precise, site-specific therapeutic genome
editing for inflammatory diseases. Such a system can avoid off-target
mutations at nontargeted sites, thereby minimizing potential geno-
toxicity in those nonspecific tissues or organs. The NanoProCas9
system represents an innovative genome-editing prodrug and can
be expanded to many other inflammatory diseases, such as lung/
liver injury, atherosclerosis, and stroke. By virtue of similar engi-
neering principles, such an inducible CRISPR system may also be
tailored for the clinical scenarios where the epigenetic regulation or
RNA editing is required in addition to genome editing. Collectively, the
current study offers new insights for the rational design of CRISPR-
Cas-based systems for safe, precise genome editing to accelerate the clin-
ical translation. As a number of physiological and pathological signals,
such as ATP, redox, and pH, can be leveraged to develop different
types of genome-editing prodrugs, our current study opens a new
avenue to precisely regulate CRISPR-Cas-based systems in vivo for
more complicated and diverse genome-editing contexts.

MATERIALS AND METHODS

Materials

All reagents used in the experiments were purchased from commercial
sources without further purification. Anhydrous dichloromethane
(DCM), anhydrous N,N-dimethylformamide (DMF), HBr [48% (w/w)
in H,0], DCC, 4-dimethylaminopyridine (DMAP), rhodamine B,
dimethyl sulfoxide (DMSO), and TMP were purchased from Energy
Chemical Co. Ltd. (Shanghai, China). Branched polyethyleneimine
[PEI25K; weight-average molecular weight (M,,): 25 kDa] was sup-
plied by Meilunbio Co. Ltd. (Dalian, China). Dulbecco’s modified
Eagle’s medium, RPMI 1640, and FBS were purchased from Sigma-
Aldrich (USA). Lipofectamine 2000 and Lipofectamine 3000 trans-
fection reagents were purchased from Thermo Fisher Scientific
(Germany). The transfection reagent jetPEI was supplied by
PolyPlus. The CCK-8 and LDH release assay kit were obtained from
Beyotime Co. Ltd. (Shanghai, China). The dialysis bag [molecular
weight cutoff (MWCO): 1000 Da] was obtained from Yuanye Bio-
Technology Co. Ltd. (Shanghai, China). T7E1 enzyme was purchased
from New England Biolabs (USA). Ultrapure water was obtained
from a Milli-Q system. The plasmid encoding CMV-DHFR-Cas9-
DHFR-U6-sgRNA (no. 85447) was supplied by Addgene.org,
which was examined by Sanger sequencing and enzyme digestion.

9 of 12


http://Addgene.org

SCIENCE ADVANCES | RESEARCH ARTICLE

CMVIE94-3XFLAG-NLS-Cas9-NLS-P2A-EGFP (CMV-Cas9-P2A-
EGFP) and CMV-3XFLAG-NLS-Cas9-NLS (wild-type) were con-
structed in our laboratory. Target sgRNA (sgPHD2) was designed by
online tools (http://crispr.mit.edu/ and http://chopchop.cbu.uib.no/).
All primers used in this work were listed in tables S1 to S5. The
plasmids used in this work and corresponding nanocomplex infor-
mation were listed in table S6 and in the “Plasmid information” sec-
tion in Supplementary Materials. Primary antibodies used in this
project included the following: Anti-TNF-a (1:1000) antibody was
obtained from Beyotime (Shanghai, China). Anti-PHD2 (1:1000)
antibody and cell/tissue lysis buffer [radioimmunoprecipitation
assay (RIPA) buffer] were obtained from Solarbio Science and
Technology (Beijing, China). Anti-FLAG antibody was obtained from
HuaAn Biotechnology (HUABIO, Hangzhou, China). Anti-GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) antibody was obtained
from Abcam (Shanghai, China). All enzyme-linked immunosorbent
assay (ELISA) kits used in this project were supplied by Multisciences
(Hangzhou, China). Cationic PBAE was synthesized according to
the previous literature (scheme S1 and fig. S1) (16, 17).

Characterization

The "H NMR spectra and heteronuclear singular quantum correlation
spectrum of PBAE were carried out on a Bruker 500-MHz NMR
spectrometer and were reported as chemical shifts (3) in ppm relative
to tetramethylsilane (3 = 0). Proton spin multiplicities are reported as
a singlet (s), doublet (d), triplet (t), quartet (q), and quintet (quint),
with coupling constants (J) given in hertz, or multiplet (m). Mass
spectra were recorded on a Shimadzu liquid chromatography-mass
spectrometry (LC-MS) mass spectrometer (LC-MS 2020). TEM was
carried out on a TEM (HT7700, Hitachi, Japan). Sizes and zeta po-
tentials of the nanoparticles were characterized by Malvern Nano
7590. Mass analysis of OE-PEG, BAM-TK-COOH, and BAM-TK-
TMP was performed on MALDI-TOF (Ultraflextreme, Bruker,
Germany). The molecular weight analysis of PBAE was performed on
a Waters 1525/2414 GPC system. Confocal microscopy was performed
on LSM-880 (Carl Zeiss, Germany). The Dil intensity was evaluated
with an in vivo imaging system (IVIS Spectrum, PerkinElmer).

Synthesis of 4-[((2,4-diaminopyrimidin- 5-yl)
methyl)]-2,6-dimethoxyphenol (TMP-OH)

TMP-OH was synthesized according to the previous report (33).
Briefly, TMP (1.00 g, 3.4 mmol) was dissolved in HBr (12.5 ml, 48%
in H,O) and stirred at 95°C. After 20 min, the mixture was cooled
down to room temperature and 2.97 ml of 50% (w/w) NaOH aqueous
was added dropwise during stirring. After that, the solution was kept
at 4°C overnight. The white precipitate was filtered and washed with
double-distilled water (ddH,O). Residues were redissolved in boiling
water, and 1 N NaOH was added to adjust pH to ~7.0 for recrystalli-
zation. After being cooled down at 4°C for a while, a pink solid, TMP-
OH, was precipitated and washed by water (630 mg, 66%). '"H NMR
(DMSO-d6) & 8.06 (s, -OH), 7.45 (s, 1H), 6.48 (s, 2H), 5.99 (s, -NH,),
5.63 (s, -NH,), 3.71 (s, 6H), and 3.47 (s, 2H). MS mass/charge ratio
(m/z) found: 277.15, calculated: 277.12 for C;3H¢N,O3 [M+H]".

Synthesis of polyethylene glycol monooleyl ether-thioketal
(BAM-TK-COOH)

To a solution of polyethylene glycol monooleyl ether (n = ~50,
250 mg, 0.1 mmol), DMAP (12 mg, 0.1 mmol) and thioketal (252 mg,
1 mmol) in 20 ml of anhydrous DCM at 0°C were added dropwise
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with 10 ml of DCC (206 mg, 1 mmol)/DCM solution. After completion
of addition of DCC, the reaction mixture was transferred to room
temperature and stirred for 72 hours under a nitrogen atmosphere.
After that, the insoluble by-product was filtered and the solvents were
removed by rotary evaporation. The residue was dissolved in water
and dialyzed (MWCO, 1000 Da) against water/methanol (1:1, v/v)
for the first 24 hours and water for 48 hours. The product, BAM-
TK, was collected and lyophilized for further reaction (193 mg, 70%).

Synthesis of polyethylene glycol monooleyl ether-thioketal
(BAM-TK-TMP)

TMP-OH (19 mg, 0.07 mmol) was added to a solution of BAM-TK
(190 mg, 0.07 mmol) and DMAP (2 mg, 0.02 mmol) in 20 ml of
anhydrous DMF. After stirring for 10 min under a nitrogen atmo-
sphere, DCC (29 mg, 0.14 mmol), which was dissolved in 5 ml of
DMF, was added dropwise into reaction mixture. After addition,
the mixture was stirred at 30°C for 72 hours. The solvent of crude
product was removed by rotary evaporation, and the product was
redissolved in DCM. The by-product was filtered, and the filtrate
was collected. After removal of DCM by rotary evaporation, the solid
was redissolved in methanol. The product, BAM-TK-TMP, was ob-
tained after dialysis against methanol for 24 hours and water for
48 hours (MWCO, 1000 Da) and further lyophilization.

Deep sequencing assay

The schematic illustration of deep sequencing assay was shown in
scheme. S3. First, the off-target loci were evaluated and designed at
CasOFFinder website (www.rgenome.net/cas-offinder/). Subsequently,
the fragments were amplified with corresponding primers, termed
first PCR product. After purification by PCR/Gel Extraction and
Purification kits (Vazyme Biotech Co., Ltd), the first PCR product
was further amplified to obtain PCR fragments less than 250 base
pairs (bp) containing corresponding gene loci. Then, the product,
termed second PCR product, was further extracted and purified.
After that, the second PCR product was amplified with primers
containing index sequence and then purified by PCR/Gel Extraction
and Purification kits. The products were sent to company for se-
quencing. The results were analyzed by CRISPResso2 according to
the instruction (51).

Statistical analysis

All data and figures in this paper were analyzed and plotted by
GraphPad Prism 8.0. The obtained data are expressed as means +
SD. Biological replicates were used in all experiments unless other-
wise stated. The statistical significance was analyzed using one-way
analysis of variance (ANOVA) with a Tukey post hoc test. P value less
than 0.05 was considered significant (*P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001). ns means no significance. N.D. refers to
not detectable.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj0624
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