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CANCER

Scaffold-mediated CRISPR-Cas9 delivery system
for acute myeloid leukemia therapy

Tzu-Chieh Ho"?%, Hye Sung Kim'?*!, Yumei Chen', Yamin Li*>, Mark W. LaMere?, Caroline
Chen', Hui Wang®, Jing Gong', Cal D. Palumbo?’, John M. Ashton®’, Hae-Won Kim>*2%,

Qiaobing Xu®, Michael W. Becker®*, Kam W. Leong'*

Leukemia stem cells (LSCs) sustain the disease and contribute to relapse in acute myeloid leukemia (AML).
Therapies that ablate LSCs may increase the chance of eliminating this cancer in patients. To this end, we used
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a bioreducible lipidoid-encapsulated Cas9/single guide RNA (sgRNA) ribonucleoprotein [lipidoid nanoparticle
(LNP)-Cas9 RNP] to target the critical gene interleukin-1 receptor accessory protein (IL7RAP) in human LSCs. To
enhance LSC targeting, we loaded LNP-Cas9 RNP and the chemokine CXCL12a onto mesenchymal stem cell
membrane-coated nanofibril (MSCM-NF) scaffolds mimicking the bone marrow microenvironment. In vitro,
CXCL12a release induced migration of LSCs to the scaffolds, and LNP-Cas9 RNP induced efficient gene editing.
ILTRAP knockout reduced LSC colony-forming capacity and leukemic burden. Scaffold-based delivery increased
the retention time of LNP-Cas9in the bone marrow cavity. Overall, sustained local delivery of Cas9/IL1RAP
sgRNA via CXCL12a-loaded LNP/MSCM-NF scaffolds provides an effective strategy for attenuating LSC growth to

improve AML therapy.

INTRODUCTION

Acute myeloid leukemia (AML) is a heterogeneous hematologic ma-
lignancy characterized by aberrant proliferation and impaired dif-
ferentiation and is the leading type of acute leukemia in adults,
accounting for the most deaths of all leukemia subtypes in the United
States (1-3). With a 28% 5-year survival rate, AML is associated with
a poor prognosis and a high relapse rate, although most patients achieve
remission following upfront chemotherapy (3, 4). Recent studies have
demonstrated the importance of preexisting leukemia stem cells
(LSCs) that have an inherent resistance to chemotherapy (5, 6). These
LSCs have self-renewal and are quiescent in most cases—characteristics
that enable them to drive AML initiation, progression, and relapse
(7, 8). LSC gene expression signatures have been shown to predict
clinical outcomes of AML, establishing a crucial need to address LSC
populations to improve AML outcomes (9, 10).

Chronic inflammation of the bone marrow has been associated
with progression of myeloid malignancies (11). Interleukin-1 re-
ceptor accessory protein (ILIRAP) is a necessary co-receptor in the
interleukin-1 (IL-1) proinflammatory signaling pathway (12). ILIRAP
is consistently overexpressed in multiple genetic subtypes of AML
stem cells and progenitor cells (13-15) while being minimally ex-
pressed in normal hematopoietic stem and progenitor cells (HSPCs)
(13-15). Overexpression of ILIRAP has also been found in stem
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and progenitor cells in other disease types including chronic myeloid
leukemia (16, 17) and high-risk myelodysplastic syndromes (13),
suggesting its critical role in myeloid malignancies. The impor-
tance of ILIRAP extends beyond IL-1 signaling as ILIRAP also in-
teracts with the receptor tyrosine kinases FLT3 (fms-like tyrosine
kinase 3) and c-KIT (mast/stem cell growth factor receptor kit) to
promote AML progression (18). Targeting ILIRAP is therefore a
promising approach to treat AML as it could disrupt multiple down-
stream oncogenic pathways.

The CRISPR system has demonstrated unprecedented potential
for treating cancer and genetic diseases through gene editing (19).
Cas9 endonuclease is currently the most widely used CRISPR-associated
nuclease (20). A safe and efficient CRISPR-Cas9 delivery platform is
needed to exploit the potential of gene editing therapy to treat
AML. Numerous approaches have been developed to deliver CRISPR-
Cas9 components (DNA, mRNA, and protein), but these approaches
suffer from several limitations (21). Viral delivery is the most com-
monly used methodology for delivering CRISPR-Cas9 vectors in vivo.
Although viral plasmid delivery using adeno-associated viruses is
effective and does not result in genomic integration, its use is limited

by off-target effects and the need for multiple viruses to deliver all of

the components, which can reduce gene editing efficiency (22-24).
Nonviral delivery systems have been developed to circumvent these
limitations (21). Nanoparticle-based delivery of the CRISPR-Cas9
ribonucleoprotein (RNP) complex achieves high delivery efficiency,
no risk of genomic integration, and transient gene regulation with
low off-target effects (25). Of the various nanoparticle-based deliv-
ery carriers, lipidoid nanoparticles (LNPs) are attractive due to their
proven effectiveness for gene and protein delivery in vitro and in vivo
(26-28). Recently, Wang et al. (29) demonstrated the use of bio-
reducible LNPs to deliver CRISPR-Cas9 RNPs for gene recombination
in vivo. These LNPs accelerated the endosomal release of encapsu-
lated Cas9 RNP complexes, as the nanoparticles rapidly collapse in
the reducing environment, allowing more efficient gene editing with
low off-target effects (21). LNPs have shown high-efficiency Cas9 RNP
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delivery and genome editing in several cell types, but their applica-
tion to gene editing to treat acute leukemia has not been examined.

A limitation of in vivo CRISPR-Cas9 gene editing is the low effi-
ciency of targeted gene editing following systemic administration
(30, 31). To improve the tissue specificity of systemic CRISPR-Cas9
delivery, local activation of genome editing has been achieved by
applying external stimuli such as magnetic fields (32), optical radiation
(33), and chemical cues (34). However, these systems often require
multiple dosing due to their inability to generate therapeutic levels
of genome editing at the target site. Furthermore, the difficulty of con-
trolling systemic dissemination can lead to high genotoxicity and
undesirable off-target effects. Therefore, a local CRISPR-Cas9 delivery
system is desirable for genome editing within a specific target tissue or
organ. To address these issues, we propose an innovative scaffold-
mediated CRISPR-Cas9 delivery system by immobilizing CRISPR-
Cas9 complexes on the surface of an injectable scaffold for local
administration. The surface-immobilized CRISPR-Cas9 complexes
would facilitate interaction of host cells and improve the delivery to
target cells. Furthermore, the complexes would stay longer at the injec-
tion site due to attachment to the scaffold as compared to free com-
plexes, leading to a more sustained delivery of CRISPR-Cas9 complexes.

Here, we develop a local CRISPR-Cas9 delivery system that tar-
gets LSCs in bone marrow and achieves sustained delivery of Cas9/
ILIRAP single guide RNA (sgRNA) to improve gene editing efficiency
and therapeutic efficacy (Fig. 1). The system consists of injectable,
bioreducible lipidoid-encapsulated Cas9/sgRNA RNP loaded together
with the chemoattractant CXCL120 onto mesenchymal stem cell
membrane—coated nanofibril (MSCM-NF) that mimics the bone
marrow environment. We characterize and optimize the delivery
system in terms of CXCL12a release, LSC migration, and gene edit-
ing efficiency in vitro and apply the system to evaluate the therapeu-
tic efficacy of ILIRAP gene editing in LSCs in a xenotransplantation
assay in vivo.

RESULTS

Preparation and characterization of LNPs

Lipidoid nanoparticles have been shown to be efficient carrier sys-
tems for delivering Cas9/sgRNA complexes into cells (29, 35, 36).
To optimize an LNP system that targets LSCs, we synthesized and
tested eight bioreducible lipids. We synthesized a single 14-carbon
hydrophobic tail (O-14B) containing disulfide bonds and then re-
acted this bioreducible acrylate tail with eight different head groups
(lipid library numbers: 76, 77, 80, 87, 123, 306, 400, and 401) (Fig. 2A
and fig. S1, A and B). LNPs were formulated by combining each
lipid with cholesterol, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG2Kk) at a 16:4:1:1
weight ratio as described previously (29, 35, 36). LNP size, poly-
dispersity index (PDI), and zeta potential were measured by dy-
namic light scattering (fig. S1C). The LNPs had a positive surface
charge (42.1 to 58.1 mV) and had diameters of 73.3 to 162.2 nm. We
previously confirmed the structural integrity and long-term storage
stability of blank and Cas9/sgRNA RNP complex-loaded LNPs
(35, 36). Next, we tested the gene editing efficiency of the LNPs in
leukemia cells. Cas9/IL1IRAP sgRNA complexes (Cas9 RNP) were
encapsulated by LNPs by self-assembly and were used to treat THP-
1 cells, a human leukemic cell line that expresses ILIRAP. After
48 hours of treatment, Cas9 RNP complexed with the cationic LNPs
76-014B (L76) and 77-O14B (L77) showed the highest gene editing
efficiency in leukemia cells (fig. S1D) and were selected for fur-
ther studies.

L76 has a 2-(pyrrolidin-1-yl)ethan-1-amine head group, and L77
has a 2-(1-methylpyrrolidin-2-yl)ethan-1-amine head group. Blank
L76 and L77 have a similar size (120.2 and 111.2 nm, with PDIs of
0.2 and 0.4, respectively) and surface charge (53.8 and 50.7 mV)) (Fig. 2B).
L76 and L77 complexed with Cas9 proteins (L76-Cas9 and L77-Cas9)
exhibited spherical morphologies (Fig. 2C), consistent with our previous
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Fig. 1. Schematic of the Cas9 RNP delivery system. (A) Lipidoid nanoparticle (LNP)-encapsulated Cas9 RNP delivery system. PCL nanofibril (NF) that mimic the bone
tissue environment were coated with mesenchymal stem cell membrane (MSCM) and were loaded with CXCL120 cytokine and LNP-coated Cas9 RNP. (B) The LNP-Cas9
RNP/MSCM-NF/CXCL120 complex can be injected into the bone marrow cavity to induce chemoattraction of leukemia blasts or LSCs, to more effectively deliver the gene

editing cargo to these cells.
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Fig. 2. Synthesis and characterization of Cas9-loaded lipidoid nanoparticles (LNP-Cas9) and MSCM-NF. (A) Synthesis of bioreducible lipids 76-014B and 77-O14B.
(B) Size, PDI, and zeta potential of blank LNPs, measured by dynamic light scattering. (C) TEM images of LNP-Cas9 nanoparticles L76-Cas9 and L77-Cas9. Scale bars,
100 nm. (D) Cytotoxicity of blank LNPs L76 and L77. Cell viability was measured using CellTiter-Glo after 24 hours of treatment. (E) (Left) CLSM images of bare NF and
MSCM-NF. MSCM was stained with Dil dye (red) to show colocalization of NF and MSCM. Scale bar, 50 um. (Right) TEM images of bare NF and MSCM-NF. Scale bars,
500 nm. (F) Zeta potential of free LNP-Cas9 or LNP-Cas9 on MSCM-NF. (G) CLSM images showing colocalization of FITC-LNP-Cas9 and Dil-MSCM-NF. Scale bar, 50 um.
(H) Loading efficiency profile of LNP-Cas9 on MSCM-NF as a function of the amount of LNP-Cas9 added. (I) LNP-Cas9 loading of bare NF or MSCM-NF as 200 ng of LNP-Cas9
was added. (J) Release profile and efficiency of LNP-Cas9 on MSCM-NF. Data are means + SD. ***P < 0.0001; Student's t test.

studies (29, 35, 36). To test the cytotoxicity of unloaded L76 and L77
to leukemia cells, THP-1 cells were treated with blank LNPs and cell
viability was analyzed after 24 hours of treatment. The median in-
hibitory concentration (ICsp) of L76 was 35.56 ug/ml (R* = 0.9938)
and the IC5q of L77 was 15.83 pg/ml (R? = 0.9965) (Fig. 2D).

Optimization of LNPs L76 and L77 for Cas9/sgRNA delivery
in leukemia cells

To optimize the Cas9-loaded LNP system, we prepared LNP-Cas9
RNP complexes using different LNP-to-Cas9 weight ratios (4:1, 6:1,
8:1, and 10:1) and evaluated their gene editing efficiency and cyto-
toxicity to leukemia cells. We found that an 8:1 LNP-to-Cas9 ratio
(32 ug/ml of LNPs and 4 pg/ml of Cas9 proteins) achieved the best
gene editing efficiency (18.2% for L76 and 18.1% for L77), compa-
rable to that of Lipofectamine CRISPRMAX for L76 (18.6%) (fig. S2A).
THP-1 cells treated with L76- or L77-Cas9 RNP remained ~50%
viable after 24 hours of treatment at the 8:1 weight ratio (fig. S2B).
Therefore, an 8:1 ratio of LNP to Cas9 (at an LNP concentration of
32 pg/ml) was selected for use in subsequent studies.

Ho etal., Sci. Adv. 2021; 7 : eabg3217 19 May 2021

Preparation of MSCM-NF

Nanofibril (NF) was prepared by fragmenting electrospun poly(e-
caprolactone) (PCL) nanofibers as we described previously (37).
Briefly, PCL nanofibers were torn apart in a blender and were sub-
sequently hydrolyzed in alkaline solution. The NF was rod-shaped
with a diameter of 1.0 + 0.2 pm and a length 0of 22.0 + 10.1 um (fig. S3).
After fragmentation, the nanofiber surface was rough with grooves
due to the harsh hydrolysis of the PCL backbone.

Cell membrane-coated biomaterials mimic the physicochemical
properties of the cell type used for coating and can improve the tar-
geting efficiency of nanoparticles and reduce immunogenicity in vivo
(38). To increase the affinity of LSCs for the NF, we cloaked the NF
in MSCM. Bone marrow stromal cells (BMSCs) including MSCs
provide pivotal microenvironmental components that support LSC
survival (39). BMSCs secrete C-X-C motif chemokine 12 (CXCL12),
which is a ligand of C-X-C chemokine receptor 4 (CXCR4). Secre-
tion of CXCL12 contributes to LSC migration and homing to the
bone marrow niche (39-41). Leukemia cells also highly express very
late antigen-4 (VLA-4), a cell surface ligand for vascular cell adhesion

30f12

1202 ‘Sz Jequieldes uo A1sieAlun eiqun o) e 610°a0us 105" Mmm//:sdny WoJ) pepeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

molecule-1 (VCAM-1) on BMSCs. The VLA-4/VCAM interaction
facilitates the adhesion of AML cells to their niche (42). We per-
formed flow cytometry analysis to determine the expression levels
of these microenvironmental components in leukemia THP-1 cells
and bone marrow—derived MSCs (fig. S4). We confirmed that VLA-4
was highly expressed on THP-1 cells and stromal ligand VCAM-1
was present on MSCs (fig. S4A). In addition, we demonstrated that sur-
face CXCR4 was expressed on THP-1 cells (fig. S4B).

Bone marrow-derived MSCM for coating NF was prepared as
described previously (43-45). After hypotonic lysis of cultured
MSCs, the cell membranes were collected by ultracentrifugation and
were sonicated to form cell membrane-derived vesicles. The MSCM
was labeled with the lipophilic carbocyanine dye Dil, and the NF
was mixed with the vesicles after sonication, resulting in coating of
NF with membrane. Fluorescence signal from the membranes was
distributed evenly on the NF (Fig. 2E) and was retained on NF for
2 weeks (fig. S5), indicating a stable cell membrane coating.
Transmission electron microscopy (TEM) imaging showed a thin
(173.8 + 46.4 nm) membrane layer on the NF surface. The surface
zeta potential of the MSCM-NF was similar to that of MSCM (Fig. 2F).
Together, these results confirmed coating of the NF with MSCM.

LNP-Cas9 loading of MSCM-NF

To achieve localized and sustained Cas9 delivery in the bone mar-
row niche, Cas9-encapsulated LNPs were loaded onto MSCM-NF
scaffolds via electrostatic interactions. We visualized the LNP-Cas9
loading of MSCM-NF by using Dil-labeled MSCM and fluorescein
isothiocyanate (FITC)-labeled Cas9 (Fig. 2G). Green fluorescence
signals of FITC-Cas9-encapsulated LNP were detected along with
red fluorescence signals of DiI-MSCM-NF, confirming LNP-Cas9
loading onto the MSCM-NF scaffolds. LNP-Cas9 adsorbed onto
MSCM-NF within 30 min (fig. S6A), and the amount of LNP loaded
was LNP concentration dependent (Fig. 2H and fig. S6B). Both L76
and L77 showed similar LNP-Cas9 loading efficiencies and profiles.
Before loading, the surface charges of the MSCM-NF, L76-Cas9,
and L77-Cas9 were —22.2, 53.8, and 50.7 mV, respectively (Fig. 2F).
Following LNP-Cas9 loading, the surface charge of the MSCM-NF
increased drastically, from —22.2 to 19.4 mV for L76-Cas9 and 13.3 mV
for L77-Cas9, indicating adsorption of the positively charged LNPs
onto the MSCM-NF surface. MSCM-NF not only improved the
LNP-Cas9 loading (Fig. 2I) but also showed the attenuated LNP-Cas9
release as compared to bare NF (Fig. 2] and fig. S6C), suggesting
that the cell membrane could function as a drug reservoir.

Leukemia cell uptake of LNP-Cas9/MSCM-NF

and gene editing

To assess leukemia cell uptake of MSCM-NF, THP-1 cells were in-
cubated with MSCM-NF or bare NF. THP-1 cells demonstrated greater
clustering with MSCM-NF than with bare NF (fig. S7A). We com-
pared the uptake of LNP-Cas9/MSCM-NF with that of free LNP-Cas9
following incubation with THP-1 cells for 24 hours (fig. S7B). Most
of the cells treated with free LNP-Cas9 were FITC positive after 4 hours
(Fig. 3A and fig. S7B). LNP-Cas9/MSCM-NF also demonstrated
substantial internalization, with over 85% FITC-positive cells. On
the basis of microscopy, the THP-1 cells did not take up the lengthy
NF, indicating that the LNP-Cas9 complexes were released from
MSCM-NF (Fig. 3B). After 24 hours, released LNP-Cas9 localized to
the nucleus of THP-1 cells (Fig. 3B). LNP-Cas9/MSCM-NF showed
low cytotoxicity (Fig. 3C), with a gene editing efficiency similar to
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that of the bolus Cas9 delivery system (Fig. 3D). After a week of
gene editing, the gene editing efficiency of LNP-Cas9 RNP/MSCM-
NF increased 1.9-fold, while that of free LNP-Cas9 RNP increased
only 1.2-fold (fig. S8, A and B). These results suggest that nanofibril-
mediated LNP-Cas9 RNP delivery achieves more stable gene editing
than bolus delivery by providing localized and sustained delivery to
AML cells. Together, the MSCM-NF Cas9 delivery system achieves
high leukemia cell uptake efficiency, low cytotoxicity, and efficient
gene editing.

Optimization of leukemia cell-to-nanofibril ratio

To determine the optimal leukemia cell-to-NF ratio, different num-
bers of THP-1 cells (5 x 10* to 1 x 10° cells) were incubated with
FITC-labeled L76-Cas9/MSCM-NF (2 pg of FITC-Cas9/50 ug of
MSCM-NF), and the cell uptake efficiency was evaluated by flow
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Fig. 3. LNP-Cas9 loaded onto MSCM-NF showed low leukemia cell toxicity, high
uptake efficiency, and comparable gene editing efficiency to bolus delivery.
(A) Cell uptake rate of FITC-labeled free LNP-Cas9 or LNP-Cas9 on MSCM-NF after
4 hours of treatment. The FITC-positive population was measured by flow cytometry.
Data are means + SD. P < 0.0001 was observed between free and MSCM-NF groups.
One-way analysis of variance (ANOVA) with Tukey’s multiple comparison test.
(B) CLSM images showing intracellular uptake of FITC-LNP-Cas9 in leukemia THP-1
cells after 24 hours of treatment. Nucleus was stained with 4',6-diamidino-2-
phenylindole (DAPI). THP-1 cells did not take up the lengthy NF (arrow). Scale bar,
25 pum. (C) Cytotoxicity of free LNP-Cas9 RNP or LNP-Cas9 RNP on MSCM-NF.
Cell viability was measured after 24 hours of treatment and normalized to the un-
treated group. n =2 independent studies. Data are means + SD. No significant dif-
ference was observed between free and MSCM-NF groups. One-way ANOVA with
Tukey’s multiple comparison test. (D) Gene editing efficiency of free LNP-Cas9 RNP
and LNP-Cas9 RNP/MSCM-NF in leukemia cells. THP-1 cells were incubated with
free LNP-Cas9 RNP or LNP-Cas9 RNP/MSCM-NF for 2 days, and cells were harvested
for a gene editing detection assay. Free, Free LNP-Cas9 RNP. MSCM-NF, LNP-Cas9
RNP/MSCM-NF. L, 100-bp DNA ladder.
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cytometry. All groups showed over 95% FITC-positive cells after
24 hours of treatment; however, the median fluorescence intensity
of internalized FITC-Cas9 decreased with increased cell number
(fig. S9A). Gene-cleavage analysis showed that L76-Cas9/ILIRAP
sgRNA/MSCM-NF (2 pg of Cas9/50 pg of MSCM-NF) achieved a
similar gene editing efficiency (~16%) in the range of 5 x 10* to
5 x 10° leukemia cells but decreased to ~12% at >1 x 10° cells (fig.
S9B). These results suggest that the ratio of leukemia cells to NF
in vitro (and the NF dose in vivo) is a critical parameter for effective
gene editing because the delivery efficiency of scaffold system depends
on the available surface area of the scaffold.

CXCL12a-loaded LNP-Cas9/MSCM-NF induces leukemia cell
chemoattraction and gene editing

We next investigated whether loading MSCM-NF with CXCL12a
enhanced recruitment of leukemia cells. CXCL12a was loaded onto
the MSCM-NF via electrostatic interactions [CXCL12a (pI 9.92) is
positively charged at neutral pH]. The amount of CXCL120 loaded
on MSCM-NF was controlled by adjusting the amount of CXCL12a
added (Fig. 4A). CXCL12a dissociated from MSCM-NF within an
hour, consistent with weak electrostatic interactions between CXCL120,
and MSCM-NF (Fig. 4B). The amount of CXCL12a released was
proportional to the amount loaded (Fig. 4B).

To evaluate the chemoattraction of leukemia cells by CXCL12a-
loaded MSCM-NF, cell migration assays were performed. An insert
with a permeable membrane (pore size, 5 um) separated two cham-
bers. THP-1 cells were loaded into the upper chamber, and free
LNP-Cas9 RNP or LNP-Cas9 RNP/MSCM-NF were placed in
the lower chamber (Fig. 4C). For the free LNP-Cas9 RNP groups,
CXCLI120-containing medium was added to the lower chamber; for
the CXCL12a-loaded MSCM-NF groups, no CXCL120 was added
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(Fig. 4C). After 4.5 hours of incubation, cell migration from the up-
per chamber into the lower chamber was quantified. In the presence
of CXCL120 in the lower chamber, the cell migration rate increased
by 1.5- to 2.0-fold in all groups (Fig. 4D). The migration rate of the
CXCL120-loaded MSCM-NF group was comparable to that of the
CXCL120-containing medium group (Fig. 4D). Together, these results
indicate that CXCL12a-loaded MSCM-NF can recruit leukemia
cells to a site of interest.

We further assessed ILIRAP gene editing in the THP-1 cells that
migrated to LNP-Cas9/ILIRAP sgRNA/MSCM-NF in the lower
chamber. After 48 hours of incubation, editing of ILIRAP in THP-1
cells was generated by free L76- and L77-Cas9 RNP, and by L76- and
L77-Cas9 RNP/MSCM-NF (Fig. 4E). Nanofibril-mediated delivery
of LNP-Cas9 RNPs showed a slightly lower gene editing efficiency
(15.8% for L76 and 14.5% for L77) than bolus delivery (20.1 and 23.1%)
at 48 hours. Overall, these results suggest that CXCL12a-loaded
LNP-Cas9/MSCM-NF can induce leukemia cell chemoattraction and
achieve efficient gene editing by providing localized delivery to
AML cells. For further in vivo studies, L76 was selected over L77
because L76 showed a slightly lower cytotoxicity at the same con-
centration compared to L77 (fig. S2B) and higher gene editing effi-
ciency when loaded on MSCM-NF (Figs. 3D and 4E).

In vivo biodistribution of LNP-Cas9/MSCM-NF

Previous work has shown that free LNP-Cas9 RNP nanoparticles
spread rapidly from the injection site through the circulatory system
(36). To examine whether loading LNP-Cas9 onto MSCM-NF in-
creases the retention of LNP-Cas9 in vivo, we monitored the bio-
distribution of LNP-Cas9/MSCM-NF in mice using an in vivo imaging
system. Free L76-Cas9 or L76-Cas9/MSCM-NF were injected into
the bone marrow cavity in the right tibia of BALB/c mice via an
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Fig. 4. LNP-Cas9 RNP/MSCM-NF/CXCL12a induces chemoattraction of leukemia cells and delivers Cas9 RNP to induce gene editing. (A) Loading profiles of
CXCL120,0n MSCM-NF. (B) CXCL120 release profiles from CXCL120-loaded MSCM-NF for different loading amounts of CXCL12a: (100, 200, or 300 ng of CXCL120: for 50 ug
of MSCM-NF). The amount of CXCL12a released was proportional to the amount loaded. (C) Schematic of migration assay evaluating (i) cell migration by CXCL12a and (ii)
the subsequent gene editing by LNP-Cas9 RNP delivery. (D) The percentage of THP-1 cells migrating to the lower chamber was measured after 4.5 hours of incubation.
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intra-bone marrow route. Images were acquired at 0, 30, 60, 90, and
120 min after injection (Fig. 5A). For mice receiving free L76-Cas9,
the fluorescence signal of L76-Cas9 rapidly spread around the injec-
tion site immediately after injection, vanished in the bone marrow
cavity within 30 min, and was detected in the bladder at 1 hour after
injection. However, in mice receiving L76-Cas9/MSCM-NF, the
fluorescence signal of LNP-Cas9 remained localized in the injection
site for 2 hour (Fig. 5B). Overall, these results indicate that the re-
tention time of LNP-Cas9 in the bone marrow cavity is increased by
loading LNP-Cas9 onto MSCM-NF.

Gene editing of IL1RAP affects LSC function

To determine whether IL1RAP gene editing via the LNP-Cas9 RNP/
MSCM-NF system affects LSC function, we measured the colony-
forming capacity of THP-1 cells following Cas9/ILIRAP sgRNA
delivery (fig. SI0A). THP-1 cells were plated in methylcellulose-
based medium with recombinant human cytokines, and the growth,
proliferation, and differentiation ability of the cells were assessed.

We observed a 0.80-fold reduction of the ILIRAP-positive popula-
tion in the knockout group after 5 days of transfection, indicating
that ILIRAP knockout may affect cell surface ILIRAP expression or
antibody binding of ILIRAP (fig. S10B). The L76-Cas9 RNP/MSCM-
NF group had significantly fewer colonies formed, only ~10% of the
colonies formed in the control group lacking sgRNA (Fig. 5C),
indicating that LSC function was significantly impaired following
ILIRAP knockout.

We next investigated the long-term effects of ILIRAP gene editing
on LSCs by performing a xenotransplantation assay. THP-1 cells were
treated ex vivo with L76-Cas9 RNP/MSCM-NF containing ILIRAP
sgRNA (Fig. 5D). Two days later, an e%ual number of THP-1 cells
were transplanted into NOD.Cg-Prkdc™™ II2rg’ mIWilS,1 (NSG) mice.
At 8 weeks after transplantation, the leukemic burden of the recip-
ient mice was assessed by determining the frequency of human
CD45"CD33" cells in the bone marrow of mouse femurs using flow
cytometry. Unlike the control group that lacked ILIRAP sgRNA,
L76-Cas9 RNP/MSCM-NF with ILIRAP sgRNA successfully
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Fig. 5. Targeting IL1RAP via the LNP-Cas9 RNP/MSCM-NF system affects LSC colony-forming ability and reduces long-term leukemic burden. (A) In vivo imaging
system (IVIS) images of in vivo biodistribution. Alexa Fluor 647-labeled free L76-Cas9 or L76-Cas9/MSCM-NF were injected into the right tibia of BALB/c mice (white
square). The NP clearance rate was monitored using an IVIS. (B) The ROI (region of interest) (radiant efficiency), as described in (A), showing that free L76-Cas9 NPs were
cleared from the bone marrow injection site faster than L76-Cas9/MSCM-NF. (C) CFU, colony-forming unit assay. THP-1 cells were incubated with L76-Cas9 RNP/MSCM-NF
for 48 hours before plating in methylcellulose-based medium with recombinant human cytokines. The colony-forming ability was measured after 14 days of culture.
n =2 independent studies. (D) Schematic of mouse xenograft model with ex vivo ILTRAP gene editing treatment. THP-1 cells were treated with L76-Cas9 RNP/MSCM-NF
for 2 days, and an equal number of THP-1 cells were transplanted into sublethally irradiated NSG mice. Human leukemic burden in recipient mice was measured by flow
cytometry after 8 weeks or when the mice appeared moribund. (E) Percentage of human CD45*CD33* population in the bone marrow harvested from recipient mice, as
described in (D). (F) Percentage of human IL1RAP expression in CD457CD33* population in bone marrow harvested from recipient mice. (G) Identification of unmodified
and modified ILTRAP alleles by amplicon sequencing analysis. THP-1 cells were treated with L76-Cas9 RNP/MSCM-NF as described in (D). DNA was harvested from cells
before xenotransplantation for sequencing. (H) Nucleotide distribution near the ILIRAP sgRNA targeting site. The percentage of each base in the amplicon is shown
based on the sequencing reads. w/o sgRNA, L76-Cas9/MSCM-NF without ILTRAP sgRNA. w/ sgRNA, L76-Cas9/MSCM-NF with ILTRAP sgRNA. Data are means + SD.
**P <0.01 and ****P < 0.0001; Student’s t test.
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induced ILIRAP gene editing (fig. S10C), reduced ILIRAP expression
in THP-1 cells (fig. S10D), and significantly reduced the human leu-
kemic burden in recipient mice (Fig. 5E). These results are consist-
ent with the loss of LSC function following ILIRAP gene editing.
ILIRAP protein expression in engrafted human CD45"CD33" cells
from bone marrow was significantly lower in the L76-Cas9 RNP/
MSCM-NF-treated group than in the control group (Fig. 5F). We
also assessed the on-target gene editing activity of L76-Cas9 RNP/
MSCM-NF by amplicon next-generation sequencing. The L76-Cas9
RNP/MSCM-NF-treated cells showed a high editing efficiency (53%)
at the Cas9 cleavage site within the ILIRAP locus, with no editing of
the ILIRAP locus in control groups (untreated or without ILIRAP
sgRNA) (Fig. 5, G and H). The nucleotide distribution across the
entire amplicon also demonstrated that the Cas9 RNP delivery
system mostly induced deletions around the sgRNA targeting site
(Fig. 5H and fig. S10, E to G). Collectively, these results indicate
that the LNP-Cas9 RNP/MSCN-NF system is able to successfully
deliver Cas9/sgRNA RNP complexes into LSCs and induce editing
of the ILIRAP gene. The defective function of ILIRAP caused by
gene knockout leads to impaired colony formation and engraftment
by the LSCs.

DISCUSSION

Preventing relapse after initial treatment is a pressing limitation of
current AML therapies including previously unidentified therapies
such as chimeric antigen receptor cellular therapy (46, 47). LSCs are
thought to be responsible for the high incidence of AML relapse owing
to their capacity for self-renewal and their quiescence, which promote
resistance to chemotherapy (15, 48). Therefore, elimination of LSCs
is crucial for improving the prognoses of patients with AML. Targeting
IL1RAP for AML treatment is attractive for several reasons. ILLIRAP
is selectively overexpressed on leukemia stem and progenitor cells
across different AML subtypes but is minimally expressed on normal
HSPCs (13, 14, 18, 49). No significant hematopoietic dysfunction is
observed in IlIrap™'~ mice (17). ILIRAP promotes AML pathogen-
esis through multiple oncogenic signaling pathways, including IL-1
signaling, FLT3, and c-KIT (15, 18). High expression of ILIRAP has
been associated with poor overall survival in AML (13). Therefore,
targeting ILIRAP in LSCs is a promising strategy for treating AML.

In this study, we applied the CRISPR-Cas9 gene editing system
to achieve longer and more complete elimination of ILIRAP func-
tion than with previous methods targeting ILIRAP (14, 17, 49, 50).
Recent approaches have relied on antibodies against ILIRAP to re-
cruit an immune response to eliminate AML cells or to suppress the
proliferation of AML cells via an IL-1 signaling blockade (14, 49).
Although antibody-dependent cellular cytotoxicity can kill LSCs,
therapeutic effects may be limited because the immune systems of
most patients with AML are impaired. Here, we show that knocking
out ILIRAP via LNP delivery of Cas9/sgRNA RNP reduced ILIRAP
protein expression in leukemia cells and reduced leukemia cell clono-
genicity in vitro and resulted in decreased leukemic burden in vivo.
Our future work will improve the lipidoid-based nanoparticle de-
sign for Cas9 RNP delivery for in vitro and in vivo applications in
normal HSPCs and in other blood cancer treatments.

Local delivery of Cas9 RNP offers several advantages over sys-
temic administration for targeting LSCs or HSPCs in the bone mar-
row. Local injection of Cas9 RNP enables direct access to the bone
marrow cavity for highly localized delivery and lower systemic
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genotoxicity (51). However, rapid clearance of nanometer-size par-
ticles carrying Cas9 RNP from the injection site remains a hurdle for
in vivo gene editing (31, 52, 53). To enhance the efficiency of gene
editing in LSCs in bone marrow, we developed a scaffold-mediated
Cas9 RNP delivery system. By loading Cas9 RNP onto the surface
of NF, the in vivo retention time of Cas9 RNP at the injection
site was notably increased compared to that of free Cas9 RNP.
Scaffold-mediated drug delivery provides excellent intracellular up-
take due to a high local drug concentration and direct contact be-
tween cells and drug (54-59), resulting in an in vitro genome editing
efficiency similar to that of bolus delivery (60). Furthermore, load-
ing Cas9 RNP/nanoparticle complexes onto a scaffold may protect
complexes from enzymatic degradation, maintaining an elevated
concentration of Cas9 RNP for a longer time period (56, 61). Like-
wise, Cas9 RNP-loaded NF exhibited comparable intracellular uptake
and in vitro gene editing efficiency to free Cas9 RNP. In addition,
its longer in vivo retention time and reduced cytotoxicity would
be beneficial for stable local delivery of Cas9 RNP. Future investiga-
tions will focus on in vivo gene editing in a leukemic mouse model;
we expect that the in vivo gene editing performance of Cas9 RNP
delivered via NF will be superior to that of free Cas9 RNA delivered
via local injection.

To further improve the LSC targeting efficiency of the scaffold in
bone marrow, we prepared a mesenchymal stem cell-like scaffold.
NF can be used as the scaffold due to their extracellular matrix-
like fibrous structure, large surface area for drug loading and cell
adhesion, and ability to create three-dimensional cell-cell and
cell-matrix interactions (37, 62, 63). Cell membrane coating repli-
cates the complex cell surface properties and critical functions of
the cell type used (43, 44, 64). For example, platelet membrane-
cloaked nanoparticles display selective adhesion to damaged vascu-
latures and enhanced binding to platelet-adhering pathogens (44),
cancer cell membrane-coated nanoparticles exhibited homologous
targeting and immune-invasion characteristics (65), and pancreatic
beta cell membrane-coated nanofiber scaffolds improve beta cell
proliferation rate and functions such as glucose-dependent insulin
secretion versus the same beta cells cultured in unmodified nano-
fiber scaffolds (45). In the current study, we showed that the MSCM
layer coating the NF was slightly thicker and rougher than that of
membranes on spherical nanoparticles. Cell attachment to NF was
notably accelerated by coating the NF with MSCM. Emptied cell
membrane vesicles are prone to fuse with solid substrates to reduce
their high surface energy (44, 66). Although fusion of MSCM vesicles
with NF and nanoparticles is driven by a similar mechanism, the
different dimensional and mechanophysical characteristics of the
core materials may affect the coating thickness and surface rough-
ness (45). We assume that the smaller the surface area of the core
material, the more cell membrane vesicles aggregate during fusion.
However, NF were completely covered with an MSCM that proved
stable for 2 weeks, allowing attachment of leukemia cells via VCAM-1/
VLA-4 interactions.

The cell membrane coating of the NF also served as a drug reser-
voir. The drug loading and release profiles of the MSCM-NF likely
depend on the surface charge density, size, and hydrophobicity of
the drug payloads (37). Coating the NF with MSCM significantly
improved the payloads of LNP-Cas9 and CXCL120; LNP-Cas9
loading efficiency of MSCM-NF was 4.5-fold higher than that of
bare NF (Fig. 2I). Positively charged LNP-Cas9 adsorbed to
bare NF but was released rapidly (within 24 hours; fig. S6C), whereas
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LNP-Cas9 remained attached to MSCM-NF for 3 days. CXCL12a
was also loaded onto MSCM-NF. We observed a burst release of
CXCL120 within 3 hours (~40% of CXCL12a loaded on the NF).
The MSCM-NF thus recapitulated the characteristics of interactions
between MSCs and HSPCs in bone marrow and improved the gene
editing of leukemia cells via scaffold-mediated Cas9 RNP delivery.
From a clinical translation viewpoint, a potential limitation is the
drug loading capacity of the scaffold, which is dependent on the
interaction between the cell membrane coating of the scaffold and
the drugs (i.e., CXCL12a and Cas9 RNP). Because the surface area
of the scaffold is limited, it may be difficult to achieve a high loading
level. Reducing the fiber size to increase the surface area is one solu-
tion. Another approach is to focus only on highly potent therapeu-
tics such as the ones applied in this study.

This NF scaffold-mediated CRISPR-Cas9 delivery system pro-
vides a safe and efficient Cas9 delivery platform for targeting LSCs
to improve AML therapy. Further studies will focus on controlling
the degradation rate of the NF to balance gene editing and clearance
of the scaffold from the body. Nanofibril size will also be optimized
to improve Cas9 payload and increase the dose for intra-bone
marrow injection to achieve higher in vivo gene editing efficiency.
Combination therapy of local delivery of Cas9 RNP with systemic
delivery of anticancer drugs and sensitizers might be required for
successful AML therapy in the future.

MATERIALS AND METHODS

Materials

A gRNA sequence against the ILIRAP gene (GTGTCAAACCGAC-
TATCACT) was selected using CRISPOR (http://crispor.tefor.net/).
Synthetic sgRNAs with chemical modifications were purchased from
Synthego. Primers were purchased from Integrated DNA Technologies
(IDT). ILIRAP forward primer: CCCATGAAACTCCCAGTGCA;
ILIRAP reverse primer: GGAACTAGAAGTGGGCAGCA. Cas9
proteins were purchased from Thermo Fisher Scientific (TrueCut
Cas9 Protein v2) or IDT (Alt-R S.p. HiFi Cas9 Nuclease V3).

Mice

All experiments were conducted using protocols approved by the In-
stitutional Animal Care and Use Committees (biodistribution assay)
or the University Committee on Animal Resources (xenotransplantation
assay). All mice in this study (BALB/cJ, 000651; NOD.Cg-Prkdc*™
112rg™™1S2], NSG, 005557) were purchased from the Jackson Laboratory.

Human cell culture

The THP-1 human monocytic leukemia cell line was acquired from
the American Type Culture Collection (TIB-202), and human bone
marrow-derived mesenchymal stem cells were purchased from Texas
A & M College of Medicine. All cells were maintained in a humidified
incubator at 37°C/5% CO,. THP-1 cells were cultured in RPMI
medium (Gibco) supplemented with 10% fetal bovine serum (FBS;
Gibco), 1% penicillin-streptomycin (P/S; Gibco), and 0.05 mM
2-mercaptoethanol (Gibco). MSCs were maintained in minimum es-
sential medium o (Gibco) supplemented with 20% FBS and 1% P/S.

Synthesis of LNPs

Synthesis of LNPs was performed as described previously (29, 35, 36)
with slight modifications. Bioreducible lipids were acquired from
Tufts University. All lipids have an O-14B containing a disulfide bond,
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combined with different head groups (lipid library numbers: 76, 77,
80, 87, 123, 306, 400, and 401). To formulate the LNPs, the bioreducible
lipids were mixed with cholesterol (Avanti Polar Lipids), DOPE
(Avanti Polar Lipids), and DSPE-PEG2k (Avanti Polar Lipids) in a
chloroform solution (Sigma-Aldrich). The organic solvent was evapo-
rated under vacuum overnight and the resulting lipid films were
dissolved in ethanol (99%) (Fisher Scientific). The resulting solution
was mixed with sodium acetate buffer (25 mM, pH 5.2) and added
dropwise into an aqueous solution with the other half of the DSPE-
PEG2k to produce the final mixture at a 16:4:1:1 weight ratio of
bioreducible lipid:cholesterol: DOPE:DSPE-PEG2k. The mixture was
then dialyzed against distilled water overnight with 1000-Da molec-
ular weight cutoff dialysis tubing (VWR). LNP size, PDI, and zeta
potential were measured by dynamic light scattering analysis with a
Zetasizer (Nano 2590, Malvern Panalytical). To test LNP cytotoxicity,
THP-1 cells were seeded in a 96-well white plate at 1 x 10* cells
per well. LNPs or vehicle was added to each well, and the plate was
incubated at 37°C for 24 hours. Cell viability was measured with a
CellTiter-Glo 2.0 Assay (Promega).

Fabrication of PCL NF

NF was fabricated by fragmenting electrospun PCL nanofibers as
described previously (37). Briefly, PCL (molecular weight 50,000;
Polysciences) was dissolved in a 3:1 (v/v) mixture of chloroform:
methanol at a PCL concentration of 20% (w/v). The PCL solution
was electrospun at 15kV at a flow rate of 0.5 ml/hour through a 27-gauge
needle. Electrospun nanofibers were deposited onto an aluminum
foil ground at a ground-to-needle distance of 15 cm. Electrospun
nanofibers were hydrolyzed in 1 M sodium hydroxide at 37°C for
6 hours. Nanofibril fragments were collected by centrifugation at
12,000 rpm for 5 min and were washed three times with distilled
water. Morphological changes of nanofiber and NF scaffolds before
and after fragmentation were observed by scanning electron micros-
copy (Zeiss Sigma VP, Carl Zeiss Microscopy).

Extraction and preparation of MSCM

Human MSCs were harvested and resuspended in hypotonic lysing
buffer [20 mM tris-HCI (pH 7.5), 10 mM KCIl, 2 mM MgCl,, and 1x
protease inhibitor cocktail (Sigma-Aldrich)] and were incubated for
15 min at 4°C. Cell membranes were mechanically fragmented with
an ultrasonic cell disruptor (QSonica Sonicators). Samples were cen-
trifuged at 3200g for 5 min to collect the supernatant. Cell pellets
were resuspended in hypotonic lysing buffer to collect additional
supernatant. The combined supernatant was centrifuged at 10,000g
for 5 min to remove cell debris. The supernatant was then ultra-
centrifuged at 100,000¢ for 30 min to pellet cell membrane. Pelleted
cell membrane was resuspended in phosphate-buffered saline (PBS)
supplemented with 1x protease inhibitors, and samples were ultra-
sonicated and stored at 4°C until use. All the above steps were per-
formed using cold buffer or at 4°C. For labeling cell membranes,
cells were resuspended in PBS and were stained with Vybrant Dil
Cell-Labeling Solution (5 ul/ 10° cells/ml; Thermo Fisher Scientific)
for 10 min at 37°C. Cells were washed three times with PBS to re-
move extra dye before cell membrane extraction.

MSCM coating of NF

MSCM (0.1 mg/ml) was sonicated for 5 min and then mixed with
NF (1 mg) in PBS at pH 7.4. The mixture was incubated at room
temperature for 30 min and then at 4°C for 12 hours with shaking at
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200 rpm. Cell membrane-coated NF was collected by centrifuga-
tion at 8000 rpm for 5 min and were washed three times with PBS to
remove free cell membrane. The cell membrane coating of NF was
confirmed by TEM (Talos F200X, Thermo Fisher Scientific). TEM
samples were stained with 2% (w/v) phosphotungstic acid for 1 min
before observation. Dil-labeled cell membrane (Dil-MSCM) was
used for fluorescence microscopy (Eclipse TS100, Nikon). The sta-
bility of the DiI-MSCM coating on NF was evaluated by monitoring
fluorescence from fibrils in PBS at 37°C for 14 days.

LNP-Cas9 loading and release of MSCM-NF

To load LNP-Cas9 onto MSCM-NF, Cas9 protein (2 ug) encapsu-
lated in LNP was mixed with MSCM-NF (50 pg) in PBS (pH 7.4,
100 pl) for 30 min at 37°C with gentle shaking. LNP-Cas9/MSCM-NF
was collected by centrifugation at 12,000 rpm for 10 min. The surface
charge of the LNP-Cas9/MSCM-NF was measured with a Zetasizer.
To evaluate the LNP-Cas9 loading, FITC-Cas9 was encapsulated in
LNPs and FITC-Cas9 LNP was incubated with MSCM-NF in PBS.
The fluorescence intensity of FITC-Cas9 in the supernatant was
measured with a microplate reader (FLUOstar OPTIMA, BMG
Labtech), and the loading efficiency was evaluated based on the de-
crease in fluorescence intensity of FITC-Cas9 over time. FITC-Cas9
LNP/MSCM-NF was also observed by fluorescence microscopy
(Eclipse TS100, Nikon). To evaluate the release rate and profile of
LNP-Cas9, FITC-Cas9 LNP/MSCM-NF (50 ug) was incubated in
PBS (pH 7.4, 500 pul) at 37°C for 72 hours. The FITC-Cas9 LNP re-
lease was measured with a microplate reader, and the release
amount was calculated based on a standard curve of FITC-Cas9 LNP.

CXCL120a loading and release from MSCM-NF

CXCL120 (100, 200, and 300 ng) (PeproTech) in PBS was mixed with
LNP-Cas9/MSCM-NF (50 pg) and incubated for 1 hour at 37°C. The
amount of unbound CXCL12a was quantified by enzyme-linked
immunosorbent assay (ELISA) (RayBiotech) to evaluate CXCL12a
loading. CXCL12a-loaded MSCM-NF (50 pg) was incubated in
500 ul of RPMI with 10% FBS at 37°C. The supernatant (100 ul)
was collected and supplemented with fresh RPMI medium (100 pl)
at each time point. The amount of CXCL12a released was quanti-
fied by ELISA. For other in vitro and in vivo studies, LNP-Cas9
RNP was first loaded onto MSCM-NF and then CXCL12a was
incorporated.

Intracellular delivery of LNP-encapsulated

Cas9/sgRNA nanoparticles

For cell transfection, cells were seeded in a 24-well plate or 96-well
U-bottom plate at 5 x 10* cells per well unless otherwise indicated.
Briefly, Cas9 protein (2 pg) and ILIRAP sgRNA (0.4 ug) were en-
capsulated within LNPs in Opti-MEM I Reduced Serum Medium
(Gibco) with gentle shaking for 15 min at room temperature. LNP-
Cas9 RNP was loaded onto MSCM-NF (50 pg) for 30 min at 37°C
with gentle shaking. LNP-Cas9 RNP/MSCM-NF was collected by
centrifugation at 12,000 rpm for 10 min. LNP complexes were add-
ed dropwise to wells for transfection. Cell viability was measured
with a CellTiter-Glo 2.0 Assay (Promega) after 24 hours of treat-
ment unless otherwise specified. Gene editing efficiency was mea-
sured using the Guide-it Mutation Detection Kit (Takara Bio) after
48 hours of treatment unless otherwise indicated. Lipofectamine
CRISPRMAX Cas9 Transfection Reagent (Thermo Fisher Scientific)
was used for comparison.
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Gene editing detection assay

Gene editing efficiency was measured using a Guide-it Mutation
Detection Kit (Takara Bio). Cells were harvested, washed with 1x
PBS, and lysed after 48 hours of treatment unless otherwise speci-
fied. The DNA sequence surrounding the CRISPR targeting site was
amplified from each lysate sample by polymerase chain reaction (PCR)
with ILIRAP gene-specific primers. After amplification, DNA hy-
bridization was performed using the PCR product, and Guide-it
Resolvase was added to each sample followed by a 15-min incuba-
tion at 37°C. The resulting amplicon samples were run on a 2% aga-
rose gel at 100 V for 55 min and were imaged using a Multilmage
Light Cabinet (Alpha Innotech) or ChemiDoc Imaging System
(Bio-Rad). Cleavage efficiency was calculated using the following
equation [Nature Materials method (67) and GeneArt Kit protocol]:
Cleavage efficiency (%) = 1 — [(1 — fraction cleaved)l/’] x 100. Frac-
tion cleaved = sum of intensities of cleaved bands/sum of intensities
of cleaved and parental bands.

Cell viability assay

Cell viability assays were performed using a CellTiter-Glo 2.0 As-
say. At the indicated time points, cells (150 pl) in a 96-well white
plate were mixed with CellTiter-Glo 2.0 Reagent (50 pl). The plate
was incubated at room temperature for 30 min with gentle rocking
to induce cell lysis and stabilize luminescent signal. Luminescence
in each well was measured with a FLUOstar OPTIMA Micro-
plate Reader.

Flow cytometry analysis

Cell surface protein expression was measured by flow cytometry.
For immunophenotyping, THP-1 cells or MSCs were washed with
1x PBS with 0.5% FBS and were stained with antibodies against human
IL1RAP (PE, clone 89412, R&D), VLA-4 (CD49d; PE, clone 9F10,
eBioscience), VCAM-1 (CD106; PE-Cyanine7, clone STA,
eBioscience), or CXCR4 (CD184; APC, clone 12G5, BD Pharmingen).
DAPI (4',6-diamidino-2-phenylindole; Invitrogen) was used for live/
dead cell staining. Flow cytometry analysis was performed on an
LSR IT or LSRFortessa instrument (BD Biosciences). Data analysis
was conducted using FlowJo software (BD).

Colony-forming unit assay

THP-1 cells (5 x 10%) were transfected with LNP-Cas9 RNP/MSCM-NF.
After 48 hours of incubation, cells were mixed with MethoCult
H4434 Classic medium (STEMCELL Technologies) supplemented
with GCSF (10 ng/ml) (PeproTech) and 1% P/S, and were dispensed
into 35-mm dishes at 1 x 10* cells per plate. Plates were incubated at
37°C and colonies were counted after 14 days of culture.

Migration assay

A migration assay was performed to assess the ability of CXCL12a
to recruit THP-1 cells to the LNP-Cas9/MSCM-NF scaffolds. Briefly,
2 x 10° THP-1 cells were loaded into the upper chamber of a Millicell
hanging cell culture with a 5-um pore-size insert (Millipore) in a
24-well plate. LNP-Cas9 RNP/MSCM-NF/CXCL120. (4 pg of Cas9,
100 pg of MSCM-NF, and 300 ng of CXCL120a) was placed in the
lower chamber. For the free LNP-Cas9 RNP group, free LNP-Cas9
RNP was mixed with CXCL12a-containing medium (100 ng/ml)
and was added to the lower chamber. After 4.5 hours of incubation
at 37°C, cells migrating to the lower chamber were quantified using
a CellTiter-Glo 2.0 Assay (Promega).
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In vivo imaging system

Alexa Fluor 647-labeled Cas9 was used for in vivo fluorescence im-
aging. Free L76-Cas9 or L76-Cas9-loaded MSCM-NF were injected
into the tibia of BALB/c mice and were imaged with an IVIS Spec-
trum system (PerkinElmer) with excitation at 640 nm and emission
at 650 to 670 nm.

Ex vivo treatment and xenotransplantation

THP-1 cells were seeded in a 96-well U-bottom plate at 2.5 x 10° cells
per well and were treated with L76-Cas9 RNP/MSCM-NF (2 ug of
Cas9 and 50 pg of MSCM-NF) at 37°C for 2 to 3 days. NSG mice
were sublethally irradiated (2.5 gray) on the day before transplanta-
tion. On the day of transplantation, live cells were harvested using
Ficoll Paque Plus (GE Healthcare) to remove the NF. Cells were
washed and resuspended in 1x PBS with 2% FBS at 1 x 107 cells/ml.
Each mouse was injected with 1 x 10° cells via the tail vein. Mice
were euthanized at 8 weeks after transplantation or when they ap-
peared moribund. To evaluate the engrafted cells in recipient mice,
bone marrow cells from mice were harvested and stained with anti-
bodies against human CD33 (FITC, clone HIM3-4, BD), CD45 (PE-Cy7,
clone HI30, BD), and IL1RAP (PE, clone 89412, R & D), and were
analyzed by flow cytometry. Some THP-1 cells treated with L76-
Cas9 RNP/MSCM-NF were set aside and harvested after 2 days
of treatment for a gene editing detection assay and amplicon
sequencing analysis.

Amplicon sequencing analysis

Amplicon PCR samples (~400 bp) were amplified using reagents from
a Guide-it Mutation Detection Kit (Takara Bio) as described above.
Amplicon PCR products were purified with a QIAquick PCR Puri-
fication Kit (Qiagen). Amplicon-based next-generation sequencing
analyses were performed by Genewiz (Amplicon-EZ). Sequencing
data were analyzed by the University of Rochester Genomics
Research Center.

Statistical analysis

Statistical analysis was performed with GraphPad Prism software
(GraphPad Software) using a Student’s ¢ test or one-way analysis of
variance (ANOVA) with Tukey’s multiple comparison test where
applicable. P < 0.05 was considered statistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/21/eabg3217/DC1

View/request a protocol for this paper from Bio-protocol.
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