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ARTICLE INFO ABSTRACT

Keywords: Ex vivo gene editing of CD34" hematopoietic stem and progenitor cells (HSPCs) offers great opportunities to
Nanopartic.le.s ) develop new treatments for a number of malignant and non-malignant diseases. Efficient gene-editing in HSPCs
Ig;‘[g;;‘;pmenc stem and progenitor cells has been achieved using electroporation and/or viral transduction to deliver the CRISPR-complex, but cellular

toxicity is a drawback of currently used methods. Nanoparticle (NP)-based gene-editing strategies can further
enhance the gene-editing potential of HSPCs and provide a delivery system for in vivo application. Here, we
developed CRISPR/Cas9-PLGA-NPs efficiently encapsulating Cas9 protein, single gRNA and a fluorescent probe.
The initial ‘burst’ of Cas9 and gRNA release was followed by a sustained release pattern. CRISPR/Cas9-PLGA-NPs
were taken up and processed by human HSPCs, without inducing cellular cytotoxicity. Upon escape from the
lysosomal compartment, CRISPR/Cas9-PLGA-NPs-mediated gene editing of the y-globin gene locus resulted in
elevated expression of fetal hemoglobin (HbF) in primary erythroid cells. The development of CRISPR/Cas9-
PLGA-NPs provides an attractive tool for the delivery of the CRISPR components to target HSPCs, and could
provide the basis for in vivo treatment of hemoglobinopathies and other genetic diseases.

Gene-editing
Sickle cell disease

1. Introduction

B-hemoglobinopathies, such as sickle cell disease (SCD) and p-thal-
assemia, are the most common monogenic disorders caused by muta-
tions in the p-globin gene which encodes two subunits of adult
hemoglobin (HbA, ayf2). SCD is caused by a single nucleotide substi-
tution (glutamate to valine) in the codon for amino acid 6 that affects the
shape of erythrocytes. Erythrocytes carrying sickle hemoglobin (HbS,
two mutant f-globins with two a-globins) become rigid under low ox-
ygen conditions and deform to the typical sickle shape [1]. These
occlude small blood vessels, resulting in sickle cell crises, hemolytic
crises, progressive tissue and organ damage, severe pain and strokes [2,
3]. The only permanent cure is transplantation of healthy hematopoietic
stem cells (HSCs) [4,5], but the treatment is risky and there is a shortage
of suitable donors.

HSC gene therapy holds great promise as an alternative curative
treatment for hemoglobinopathies. Disease symptoms are ameliorated
by mimicking a benign mutation causing hereditary persistence of fetal
hemoglobin (HPFH), where large deletions or point mutations in the
B-globin locus prevent binding of y-globin repressors [6]. In this
approach, reactivated y-globin associates with a-globin to form fetal
hemoglobin (HbF, ayys), which takes over the function of the mutated
adult p-chains [7] (HbA,asp2). Several genetic strategies have been
investigated to achieve induction of HbF in patient-derived HSPCs for
autologous transplantation [8-19].

Clustered regularly interspaced palindromic repeats (CRISPR)
genome-editing technology is a relatively new discovery, but has rapidly
become a powerful strategy with great potential to cure a large variety of
human diseases, including those of the hematopoietic system. CRISPR-
based genome editing approaches targeting a specific region of the
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y-globin promoter to mimic a natural occurring HPFH-mutation were
successfully applied in vitro and ex vivo in CD34" HSPCs to elevate HbF
expression [20,21]. This chromosomal region recruits BCL11A, a
powerful repressor of the y-globin gene, which makes it an attractive
therapeutic target. Recently, CRISPR genome-editing approaches of the
same target led to persistent HbF reactivation after engraftment of edi-
ted, highly purified HSPCs in non-human primates [14].

The CRISPR ribonucleoprotein (RNP) complex, consisting of a short
guide RNA (gRNA) to recognize target DNA and Cas9 endonuclease to
introduce double-stranded breaks, can be introduced into cells by viral
vectors encoding for Cas9 and gRNAs. Alternatively, gRNA and purified
Cas9 protein can be delivered by biophysical methods including elec-
troporation [14,22], lipids [23], iTOP [24], TRIAMF [19], nanoparticles
[25,26] and cell-penetrating peptides [27]. Until now, viral vectors are
the most commonly used carriers for the delivery of CRISPR/Cas9 to
HSPCs in clinical applications. They allow for the selection and purifi-
cation of edited cells; however, they carry the risk of random vector
integration into the genome, are less efficient than purified RNP com-
plexes and may induce cytotoxicity. To increase efficacy, most recent
HSPC CRISPR-editing approaches utilize electroporation to deliver
gRNA and Cas9 directly into target cells [14,22,28]. Both viral and
electroporation-based CRISPR-genome editing approaches for hemo-
globinopathies require ex vivo manipulation of HSPCs. This makes the
treatment expensive and limits the number of patients who will have
access once this new technology becomes available for treatment.

For a systemic therapeutic application for hemoglobinopathies, the
CRISPR components would need to be co-delivered at sufficiently high
concentrations inside HSPCs, potentially following mobilization of
HSPCs into the blood. However, the CRISPR genome-editing compo-
nents are prone to proteolytic degradation and possess a poor membrane
permeability potential [29]. Thus, a delivery system that ensures high
payload delivery towards HSPCs, thereby improving the ratio of effi-
cacy/toxicity, would be advantageous.

Here, we utilized biodegradable and FDA-approved poly(lactic-co-
glycolic acid) (PLGA)-NPs as delivery vehicles for the CRISPR/Cas9
complex. PLGA is one of the most successfully developed biodegradable
polymers [30] with well described and adaptable methods of produc-
tion. In addition, PLGA presents a stable linker to polyethylene glycol to
improve the circulation and half-life in the blood and to couple targeting
moieties for specific cellular uptake [30-33]. During NP-formulation,
drugs, proteins, RNA, or imaging agents can be incorporated into the
PLGA core. Finally, the PLGA core protects the payload from premature
degradation [34].

In this study, CRISPR/Cas9-PLGA-NPs were successfully formulated
and readily taken up by HUDEP-2 cells, primary erythroblasts and
CD34™" cells, shown to be non-toxic and to increase the levels of HbF
significantly. The development of CRISPR/Cas9-PLGA-NPs to raise HbF
levels in erythroid cells increases the toolbox of CRISPR/Cas9 delivery
vehicles to target HSPCs for the treatment of hemoglobinopathies and
could be adjusted to other genetic diseases.

2. Materials and methods
2.1. Materials

For the preparation of NPs, dichloromethane (DCM) and dime-
thylformamide (DMF) were purchased from Sigma-Aldrich® (Zwijn-
drecht, The Netherlands). Poly (D,i-Lactide-co-Glycolide) 50:50
(molecular weight 7000-17,000 Da), polyvinyl alcohol (PVA), calcium
nitrate (Ca(NO3)3) and diammonium hydrogen phosphate (NH4)2HPO4
were purchased from Sigma-Aldrich. Cy5 Acid was purchased from
Kerafast (Boston, US). Alt-R® Cas9 Nuclease V3 (S. pyogenes), Alt-R®
CRISPR-Cas9 crRNA, Alt-R® CRISPR-Cas9 tracrRNA, Alt-R® CRISPR-
Cas9 tracrRNA-ATTO™ 550 and nuclease-free water were purchased
from Integrated DNA Technologies (IDT), (Iowa, US). Chemically
modified sgRNAs were purchased from Biolegio (Nijmegen, The
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Netherlands). Lipofectamine™ CRISPRMAX™ Cas9 Transfection Re-
agent was purchased from ThemoFisher Scientific (Massachusetts, US).

For cell culture, StemSpan and MethoCult™ H4434 Classic medium
were purchased from STEMCELL Technologies (Vancouver, Canada).
EPO Eprex (1000IE) was purchased from Janssen-Cilag AG (Zug, Ger-
many). Human recombinant SCF was purchased from BioLegend (San
Diego, US). Dexamethasone, SyntheChol and doxycycline were pur-
chased from Sigma Aldrich.

For flow cytometry, cells were stained with anti-HbF-FITC (clone
REA533; Miltenyi Biotec, Bergisch Gladbach, Germany), anti-GPA
(clone HIR2; BioLegend, California, US) and anti-CD71 (clone CY1G4,
BioLegend). Unconjugated antibodies were detected with the secondary
antibody goat anti-mouse IgG (H+L)-Alexa Fluor 488 (Invitrogen,
ThermoFisher Scientific). For confocal microscopy, cells were stained
with anti-GPA (BioLegend), anti-Cas9 (clone 7A9, BioLegend), anti-
CD34 (clone 561, BioLegend) and anti-EEA-1 (polyclonal, Invitrogen,
ThermoFisher Scientific). Secondary antibodies were donkey anti-rabbit
Alexa-Fluor 488, goat anti-mouse IgG1 Alexa Fluor 488, goat anti-mouse
IgG2a Alexa Fluor 488 and goat anti-mouse IgGl Alexa Fluor 568
(Invitrogen, ThermoFisher Scientific). Lysosomes were labelled with
LysoTracker™ Green (Invitrogen, ThermoFisher Scientific).

2.2. gRNAs

sgRNAs (Biolegio) were purchased as oligonucleotides. eGFP-
targeting sgRNA: GGG CGA GGA GCU GUU CAC CG; y-globin target-
ing sgRNA [21]: CTT GTC AAG GCT ATT GGT CA; scrambled sgRNA
(Biolegio): CCC GCU CCU CGA CAA GUG GC.

2.3. CRISPR/Cas9-PLGA-nanoparticle preparation

CRISPR/Cas9-PLGA-NPs were formulated according to an oil-in-
water (W1/0/W2) double emulsion solvent evaporation method [35,
36] (Fig. 1B). Prior to formulation, beakers, spatulas, sonicator tip and
magnetic stirrers were cleaned, decontaminated with RNAse-zap solu-
tion (Sigma) and rinsed with RNAse-free water. Firstly, we prepared a
complex of Cy5-dye and Cas9-protein (1). To this end, we dissolved 0.1
mg Cy5 (acid) dye in 40 pL of RNAse free water and then added 66 pg of
Cas9. The mixture was incubated for 30 min at room temperature (RT).
Secondly, we prepared a solution of calcium phosphate to precipitate the
gRNA (2). To this end, we modified a rapid precipitation method that
was reported earlier [37]. We prepared two pipettes, one containing
105 pL of aqueous calcium nitrate (6.25 mM) and another one with 105
pL of aqueous di-ammonium hydrogen phosphate (3.74 mM). Both so-
lutions were simultaneously pipetted and mixed on top of a paraffin
sheet. The resulting calcium phosphate solution was added dropwise
into an Eppendorf tube containing 12.8 pg sgRNA or hybridized
crRNA-tracerRNA complex (according to the IDT user manual) in 40 pL
of duplex buffer, while vortexing. The mix of sgRNA and salt was cooled
on ice for 5 min. In the next step the calcium
phosphate-CRISPR/Cas9-PLGA-NPs were formulated: 10 mg of PLGA
were dissolved in 750 pL. DCM (3). First, the 210 pL of calcium phos-
phate and gRNA prepared in step 2 were added. Secondly, the 40 pL of
Cy5-Cas9-complex prepared in step 1 were added. The mixture of cal-
cium phosphate-gRNA, Cy5-Cas9 and PLGA-polymer was immediately
emulsified under sonication (Sonifier 250, ultrasonic tip Branson, Con-
necticut, US) using the following settings: 60 s sonication time, 50%
duty cycle, output control: 4. During sonication, the mixture was kept on
ice. Immediately after sonication, an aqueous phase (3000 pL), con-
taining 30 mg of the emulsifier PVA, was added dropwise to the W1/0
phase. Prior to use, the aqueous phase of PVA was dissolved in a water
bath at 80 °C for 20 min and cooled to RT. The solution was immediately
sonicated as described above. After sonication, DCM was removed under
reduced pressure (200-600 mbar) in a rotary evaporator for ~2 min and
the excess of PVA was removed by centrifugation (15 min at 14,800 rpm
at 4 C). Following centrifugation, the NPs were washed three times with
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Fig. 1. Characterization of CRISPR/Cas9-PLGA-NPs. (A) Schematic representation of a CRISPR/Cas9-PLGA-NP made of polylactic-co-glycolic acid (PLGA). The
CRISPR-components were encapsulated in form of guide RNA (single or hybridized gRNA) and purified Cas9 (S.pyogenes) protein. In addition, the NPs were equipped
with a fluorescent dye (acid Cy5). (B) Schematic overview of the CRISPR/Cas9-PLGA-NP synthesis protocol using a double emulsion solvent evaporation method. (C)
Representative scanning electron microscopy image of a CRISPR/Cas9-PLGA-NP formulation. Scale bar = 2 pm. (D) Representative dynamic light scattering mea-
surement of a CRISPR/Cas9-PLGA-NP formulation. The average size of the NPs was 350-400 nm in diameter. Release kinetic studies of (E) Cas9 and (F) Atto-550-
labelled gRNA from CRISPR/Cas9-PLGA-NPs in PBS pH 7.4 at 37 °C. Insets represent the kinetic release curve over the first 24 h. At the indicated time-points, release
medium was collected and gRNA and Cas9 levels were quantified by spectrophotometer and nanodrop measurements, respectively. Results show representative
release kinetic curves.

1000 pL RNAse-free water and subsequently freeze-dried. All washing 2.4. Physicochemical characterization of CRISPR/Cas9-PLGA-NPs

solutions were stored to determine the loading efficacy of Cas9, Cy5 and

gRNAs. The NPs were stored at —80 °C and rehydrated prior use. Z-average size, polydispersity index (PDI) and zeta potential of
CRISPR/Cas9-PLGA-NPs were measured using a Malvern ZetaSizer 2000
(Malvern, UK; software: ZetaSizer 7.03). Fixed scattering angle of 90° at
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633 nm was set up for the analysis. DLS and zeta potential measurements
were performed on CRISPR/Cas9-PLGA-NPs resuspended in RNAse-free
water before freeze-drying.

2.5. Scanning electron microscopy

Surface morphology and homogeneity of CRISPR/Cas9-PLGA-NPs
were observed by scanning electronic microscopy (SEM) using a Nano-
SEM 200 microscope (FEL, Japan). The materials were coated with an
ultrathin layer (300 /0\) of Pd/Pt in an ion sputter coater (Cressington
208HR, United Kingdom).

2.6. Transmission electron microscopy

PLGA-NP shape and morphology were further characterized by
transmission electron microscopy (TEM). To improve adherence of
PLGA-NPs to the carbon-coated grids (Formvar/Carbon on 200 Mesh
Copper; AGS162; Van Loenen Instruments; Zaandam, the Netherlands),
5 pL of 100 mg/mL poly-1-lysine hydrobromide (P1274-25 MG; Sigma-
Aldrich; Zwijndrecht, the Netherlands) in PBS were pipetted onto each
grid and incubated for 10 min. Subsequently, excess liquid was dis-
carded by blotting onto a filter paper. Next, 3 uL of sample solution were
applied onto the freshly coated grid and allowed to adhere for 1 min.
Afterwards, excess sample was blotted onto a filter paper and 3 pL of
filtered 2% uranyl acetate in distilled water were applied to the grid for
negative staining of the sample. After 1 min, excess uranyl acetate was
removed by blotting and the sample was air-dried for 10 min. Grids were
mounted and examined using a Tecnai 12 Twin (FEI Company; Oregon,
USA) equipped with an OneView Camera Model 1095 (Gatan; Pleas-
anton, USA) at a voltage of 120 kV. Digital images were acquired and
stored using DigitalMicrograph 3.4 (Gatan).

2.7. Quantification of loading efficacy into CRISPR/Cas9-PLGA-NPs

Cy5 loading efficacy into CRISPR/Cas9-PLGA-NPs was indirectly
determined by quantifying Cy5 in the supernatants of the washing steps
collected during NP-preparation, using a spectrofluorometer, plotted
against a Cy5 standard curve of known concentrations.

To quantify the amount of encapsulated gRNA, we prepared CRISPR/
Cas9-PLGA-NPs encapsulating Cas9 and a hybridized gRNA consisting of
crRNA and Atto550-labelled tracerRNA. gRNA loading efficacy into
CRISPR/Cas9-PLGA-NPs was indirectly determined by quantifying the
gRNA content in the supernatant of the washing steps collected during
NP preparation. Supernatants and a standard curve of crRNA-
tracerRNA-Atto550 with known concentrations were measured using a
spectrofluorometer.

Cas9 loading efficacy into CRISPR/Cas9-PLGA-NPs was determined
by nanodrop measurement. To this end, the amount of Cas9 protein in
the supernatant of the washing steps collected during NP preparation
was quantified. Per batch of NPs (10 mg PLGA), 66 pg Cas9 were added
during formulation. Due to the low concentration of Cas9 in the
collected washing solutions, we first pooled all washing solutions and
concentrated the volume to 100 pL using Amicon® Ultra-2 Centrifugal
Filters with a molecular weight cut-off of 100.000 kDa (Sigma Aldrich).
The concentrated washing solutions were measured using a nanodrop at
280 nm and blanked against washing solutions of control NPs. Suc-
cessful encapsulation of Cas9 was further confirmed by SDS and Western
Blot analysis of CRISPR/Cas9-PLGA-NPs hydrolysed overnight with 0.8
M NaOH at 37 °C.

2.8. Invitro release kinetics of Cas9 and gRNA

To follow in vitro Cas9 and gRNA release, CRISPR/Cas9-PLGA-NPs
encapsulating Cas9 and gRNA-Atto550 were resuspended in PBS at a
concentration of 3.5 mg/mL. 300 pL of NP-solution (in triplicate) were
placed in an Eppendorf tube and incubated at 37 °C on a heating block in
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shaking mode (400 rpm). At the indicated timepoints (O h, 2h, 4 h, 6 h,
24h,48h,96h,6d,10d,13d,18d,22d,26d,29d, 35d, 42d and 49
d), 150 pL sample was withdrawn and the volume was replaced with
150 pL fresh PBS. After collecting the final timepoint, the samples and a
gRNA-Atto550 standard curve were first measured using a spectropho-
tometer to quantify the amount of released gRNA. Next, the samples
were concentrated to a volume of 20 pL using Amicon® Ultra-2 Cen-
trifugal Filters and the amount of released Cas9 was determined by
nanodrop measurement.
The cumulative release was calculated according to equation (1):

E(%) = (Vg Z'l’"c,» + v(,cn)/m(, x 100 @

where E (%) is the cumulative release, Vg is the withdrawn volume, Vj is
the begin volume, C; and C, are the Cas9 or gRNA concentrations, ; and ,
are the sampling times and my is the total amount of Cas9 or gRNA
loaded into CRISPR/Cas9-PLGA-NPs.

2.9. Cell culture

Human umbilical cord blood-derived erythroid progenitor-2
(HUDEP-2) were cultured as described previously [38]. Briefly,
HUDEP-2 cells were cultured in StemSpan (Stem Cell Technologies)
serum-free expansion medium supplemented with 1 pM dexamethasone,
1 pg/mL doxycycline, 50 ng/mL human SCF, 2 units/mL EPO, 0.4%
SyntheChol and 1% penicillin-streptomycin. Differentiation of
HUDEP-2 cells was initiated by removal of doxycycline, dexamethasone
and SCF, and an increase in EPO to 10 units/ml. HUDEP-2-eGFP
expressing cells were generated by lentiviral transduction of
HUDEP-2 cells with pRRL-CMV-GFP plasmid (kind gift of M.J.W.E.
Rabelink, LUMC). One week after transduction, eGFP-high-expressing
HUDEP-2 cells were sorted using a BD (New Jersey, US) FACSARIA I
flow cytometer and the bulk of eGFP-expressing cells was further
propagated. As positive control in y-globin targeting experiments, the
gRNA/Cas9 RNP complex was delivered to WT HUDEP-2 cells by elec-
troporation using the Neon transfection system (ThermoFisher Scienti-
fic). The following settings were used during electroporation: 1600 V,
10 ms, 3 pulses. Electroporated HUDEP-2 were propagated and used as
control.

Peripheral blood mononuclear cells (PBMCs) were obtained from
healthy buffy coat donors (Sanquin blood bank, The Netherlands) and
were cultured according to a three-phase erythroid differentiation pro-
tocol in StemSpan serum-free expansion medium supplemented with 1
pM dexamethasone, 50 ng/mL human SCF, 2 units/mL EPO, 0.4%
SyntheChol, and 1% penicillin-streptomycin [39,40]. During phase 1
(day 1-7), 1 ng/mL human interleukin (IL)-3 (BioLegend) and 40 ng/mL
human insulin-like growth factor I (IGF) (BioLegend) were included.
Phase 2 (days 8-12) included the same medium, except that IL-3 and
IGF1 were withdrawn. Erythroid differentiation was monitored by flow
cytometry using anti-CD71 and anti-GPA antibodies.

2.10. CRISPR/Cas9-PLGA-NPs-mediated gene editing

1 x 10° HUDEP-2 cells were resuspended in 100 pL StemSpan me-
dium (including supplements) and plated into a 96-well (flat bottom)
plate. Lyophilized CRISPR/Cas9-PLGA-NPs were resuspended at 5 mg/
mL in RNAse-free water and immediately further diluted in StemSpan
medium. Prior to use, CRISPR/Cas9-PLGA-NPs were kept at all time on
ice. 100 pL of CRISPR/Cas9-PLGA-NPs were added to 100 pL of HUDEP-
2 cells to reach a final concentration of 200 pg/mL, 100 pg/mL, 50 pg/
mL, 25 pg/mL or 12.5 pg/mL. HUDEP-2 cells were incubated with
CRISPR/Cas9-PLGA-NPs or control-NPs for 24 h at 37 °C, subsequently
excessive NPs were washed away with fresh medium. NP-treated
HUDEP-2 were cultured up to 21 days after NP-treatment. The cells
were split and the medium was refreshed every three days. At designated
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timepoints, cells were withdrawn for flow cytometry and RNA analysis.
Samples were prepared in triplicate.

Primary erythroblasts were edited at the end of phase 1 using the
erythroid differentiation protocol. At day 8, when the cell culture was
populated by erythroid progenitors, the cells were collected and 1 x 10°
cells were resuspended in 100 pL phase 2-medium, plated into a 96-well
(flat bottom) plate and treated with 200 pg/mL, 100 pg/mL, 50 pg/mL,
25 pg/mL or 12.5 pg/mL CRISPR/Cas9-PLGA-NPs or control-NPs, as
described above. The cells were expanded and cultured in phase-2 me-
dium until day 21. At designated timepoints, cells were withdrawn for
flow cytometry and RNA analysis.

2.11. Flow cytometry

HUDEP-2 cells, primary erythroblasts or isolated CD34™ cells were
collected and washed in PBS. To assess cell viability after NP-treatment,
cells were resuspended in FACS buffer (2.5 g BSA in 500 mL PBS, 0.02%
sodium azide) containing Hoechst. The percentage of Hoechst positive/
negative cells was assessed using a BD LSR-II equipped with a UV-laser.
NP-uptake was assessed by measuring the percentage of Cy5-positive
cells compared to non-treated control cells.

To determine the expression of HbF in HUDEP-2 cells or primary
erythroblasts, cells were fixed, permeabilized and stained using an
intracellular labelling kit (Inside Stain Kit, Miltenyi Biotec) and anti-
HbF-Fitc antibody (Miltenyi Biotec) according to manufactures
instructions.

2.12. Confocal microscopy

Uptake and intracellular routing of CRISPR/Cas9-PLGA-NPs in
HUDEP-2 cells were analysed by confocal microscopy. To this end,
HUDEP-2 cells were incubated with 200 pg/mL CRISPR/Cas9-PLGA-NPs
for 1 h, 4 h and 24 h at 37 °C and subsequently washed in PBS. The cell
membrane was labelled with 10 pg/mL anti-GPA primary antibody,
followed by detection by a secondary antibody. After labelling, the cells
were fixed with 4% paraformaldehyde (PFA) in PBS for 15 min at RT,
washed and permeabilized with 0.1% Triton in PBS for 5 min. Intra-
cellular labelling was performed by incubating the cells with 10 pg/mL
anti-EEA-1 or anti-Cas9 antibody, followed by incubation with a con-
jugated secondary antibody. Cells were washed and seeded on cover
slips coated with 100 pg/mL poly-i-Lysine (Sigma Aldrich) for 15 min at
RT. Finally, the cells were labelled with DAPI for 5 min at RT, fixed in
1% PFA for 15 min and embedded in mounting medium containing
Mowiol and Dabco (Sigma Aldrich). For labelling of lysosomes, cells
were extensively washed and incubated with green lysotracker (Ther-
moFisher Scientific) for 30 min at 37 °C prior to cell membrane label-
ling. Cas9 encapsulated inside CRISPR/Cas9-PLGA-NPs was detected by
anti-Cas9 labelling. Briefly, control-NPs (without Cas9) and CRISPR/
Cas9-PLGA-NPs were immobilized on poly-L-Lysine-coated cover-slips
(100 pg/mL), fixed for 10 min with 4% PFA, washed and subsequently
labelled with 10 pg/mL anti-Cas9 antibody. The NPs were washed and
labelled with an AF488 conjugated anti-mouse secondary antibody. All
labelling and washing steps were performed in PBS containing 0.5%
saponin (SIGMA). The NPs were embedded in mounting medium con-
taining Mowiol and Dabco. Fluorescence imaging was performed with a
SP5 confocal microscope (Wetzlar, Germany) using a 63 x oil objective.

2.13. RT-qPCR

Edited HUDEP-2 and control cells were washed with PBS and lysed in
the cell culture plate using TRIzol (Invitrogen, Grand Island, NY, USA).
Total RNA content was isolated according to manufacturer’s protocol.
Reverse transcription was performed using the M-MLV Reverse Tran-
scriptase (Promega, Madison, WI, USA). Expression levels of GAPDH,
EGFP, HBB and HBG were analysed using real-time, quantitative PCR.
All real-time PCR reactions were performed using the Real-Time PCR
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Detection System from Biorad and all amplifications were performed
using SYBR Green and PlatinumTaq (Thermofisher Scientific). The
quality of the products was confirmed by melting curve analysis. The
following expression primers were used: forward (F) primer
CATTGCCCTCAACGACCACT and reverse (R) primer
GGTGGTCCAGGGGTCTTACT for GAPDH, F primer GCCCTGGCCCA-
CAAGTATC and R primer GCCCTTCATAATATCCCCCAGTT for HBB, F
primer GGTGACCGTTTTGGCAATCC and R primer GTATCTGGAGGA-
CAGGGCAC for HBG, F primer ATCTTCTTCAAGGACGACGG and R
primer GGCTGTTGTAGTTGTACTCC for EGFP. Throughout this work,
percent HBG mRNA refers to the abundance of HBG mRNA expressed
relative to the sum of the abundance of y-globin and f-globin transcripts
([HBG/(HBB + HBG]*100).

2.14. Methylcellulose

Methylcellulose colony-forming assay was performed as described
previously [41]. CD34" were isolated from PBMCs using human CD34"
MicroBeadKit (Miltenyi) and MS columns for positive selection of
CD34" cells. Isolated CD34" cells were incubated with 200 pg/mL
CRISPR/Cas9-PLGA-NPs or control-NPs in IMDM medium for 30 min at
37 °C, 5% CO». Subsequently, the cells were centrifuged and (without
washing) seeded in methylcellulose. Per dish, 500 CD34" cells were
seeded in triplicate in methylcellulose (1 mL per dish; H4434; Stem Cell
Technologies) containing 1% PS and incubated for 14 days at 37 °C, 5%
CO,. Colonies were characterized and counted with a bright field mi-
croscope, and the Cy5 signal inside the colonies was obtained in a scan
with the Odyssey imaging system (LI-COR, Nebraska, US) at 680 nm.

2.15. Sanger sequencing and TIDE analysis

Sanger sequencing was performed on BFU-E colonies grown for 14
days in methylcellulose. After characterization and counting, BFU-E
colonies were harvested in a 96-well plate and washed with PBS. Sub-
sequently, DNA was extracted using the Wizard Genomic DNA Purifi-
cation Kit (Promega). 2 pL of the cell lysate was used as input in a PCR
reaction using Phusion DNA polymerase (ThermoFisher Scientific) and
the following primers: F ACGGCTGACAAAAGAAGTCC and R
GGGTTTCTCCTCCAGCAT. PCR products were purified using Wizard SV
Gel and PCR clean-up system (Promega). TIDE analysis was performed
on Sanger sequencing trace data to access indel frequency in BFU-E
colonies using the online tool http://shinyapps.datacurators.nl/tide/
[42].

3. Results
3.1. CRISPR/Cas9-PLGA-NPs synthesis and characterization

To circumvent efficacy and safety issues of viral vehicles, we
designed PLGA-NPs encapsulating Cas9 (S.pyogenes) protein, gRNA and
the fluorescent dye Cy5 (Fig. 1A). The aim of this study was to synthesize
a delivery vehicle for CRISPR/Cas9 that is efficiently processed by
HSPCs and could be monitored by fluorescence microscopy. In the
classical solvent evaporation technique, gRNAs can easily escape from
the encapsulation process due to their low molecular weight, hydro-
philicity and the electrostatic repulsion between the phosphate back-
bone of the RNA and the carboxylic acid end groups of the PLGA-
building blocks [43]. To avoid this, we adjusted a previously reported
method where siRNA absorbed onto the surface of calcium phosphate
was encapsulated into the hydrophobic core of PLGA [37].

Here, we synthesized CRISPR/Cas9-PLGA-NPs according to an oil-in-
water double emulsion solvent evaporation method (Fig. 1B). Prior to
encapsulation, we prepared a complex of Cy5 acid (net charge —1) and
Cas9 (net charge of +22), based on electrostatic interaction (Fig. 1A and
B). Cy5 acid dye contains a non-activated carboxylic acid; thus, the
molecule is considered non-reactive. We reasoned that forming a
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complex between Cas9 and Cy5 instead of directly conjugating Cy5 to
the Cas9 protein would avoid loss of Cas9 functionality and increase the
encapsulation efficacy of the Cy5 dye. Secondly, we prepared a solution
of calcium phosphate to precipitate the gRNA (sgRNA or hybridized
crRNA-tracerRNA complex) under formation of calcium phosphate/
gRNA complexes. In the next step we synthesized calcium phosphate-
CRISPR/Cas9-PLGA-NPs: PLGA was dissolved in DCM and then the
calcium phosphate/gRNA- and Cas9/Cy5-in-water complexes were
added. Sonication led to the formation of the first emulsion with calcium
phosphate/gRNA and Cas9/Cy5 complexes in-water in the oil phase.
Addition of PVA (dissolved in water) and subsequent sonication led to
the formation of a stable double oil-in-water emulsion. The organic
solvent was removed under reduced pressure and the surfactant PVA
under centrifugation. The resulting NPs were immediately freeze-dried.

We first encapsulated chemically modified gRNA directed against the
sequence of enhanced green fluorescent protein (eGFP) or a scrambled
control sequence. The spheric morphology of the NPs was confirmed by
SEM (Fig. 1C) and the size of the NPs was determined by dynamic light
scattering (DLS) analysis as ~370 nm in diameter (Table 1, Fig. 1D) and
the polydispersity index (PDI) values of 0.1-0.2 obtained from the DLS
measurement indicated a homogeneous size distribution (Table 1). In
addition, ZetaSizer measurement showed a negative surface charge of
the NPs (Table 1). In contrast to control NPs without Cas9, encapsulation
of Cas9 increased the size of the NPs from 215 to >300 nm (Table 1),
indicating successful encapsulation of Cas9. Nanodrop analysis of the
washing solutions generated during NP synthesis showed encapsulation
efficacies of 49-75% for Cas9 and 69-89% for sgRNA. In addition,
spectrophotometry measurements revealed that 26-65% of Cy5 dye was
encapsulated (Table 1).

To monitor the release kinetics of Cas9 from CRISPR/Cas9-PLGA-
NPs, we incubated the NPs in PBS at 37 °C for 49 days and withdrew
samples at designated timepoints. The amount of Cas9 was measured by
nanodrop and the cumulative release was calculated (Fig. 1E). The
gRNA release was calculated from a batch of CRISPR/Cas9-PLGA-NPs
that encapsulated Atto-550-labelled gRNA (Fig. 1F). The release ki-
netic studies showed that 35% of the encapsulated gRNA and 40% of the
Cas9 were rapidly released within the first 24 h. This was followed by a
period of sustained release, which flattened out and reached a plateau
profile at approximately day 30, lasting until the end of the analysis
(Fig. 1E and F). DLS and Zeta potential measurements did not show
significant changes in size and surface charge over a period of 7 weeks at

Table 1
Physico-chemical characterization of distinct NP-batches. PDI = polydispersity
index; EE = encapsulation efficacy.

Sample NP size Zeta PDI EE EE EE
+ S.D. Potential (%) (%) (%)
(nm) + S.D. gRNA Cas9 Cy5
(mV)
PLGA-NP- 214.7 + -16.0 + 0.22 83.85 - 26.29
(sgRNA, Cy5) 3.06 1.79 +
0.05
PLGA-NP- 378.5 + -17.6 + 0.12 84.58 49.12 47.39
(Cas9, 79.37 2.17 +
“scrambled 0.05
sgRNA”, Cy5)
PLGA-NP- 362.4 + —25.4 + 0.21 88.91 70.91 64.78
(Cas9, “eGFP- 46.68 4.4 +
sgRNA”, Cy5) 0.05
PLGA-NP- 307.67 -13.8 + 0.23 78.52 75.01 32.63
(Cas9, “eGFP- +2.45 1.42 +
crRNA + 0.14
tracerRNA”,
Cy5)
PLGA-NP- 296.67 —9.49 + 0.15 69.92 75.17 60.68
(Cas9, + 0.9 +
“y-globin 101.04 0.06
targeting
sgRNA”, Cy5)
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37 °C (Supplementary Fig. 1A and B). In addition, TEM analysis of the
NPs showed no changes in NP structure at the analysed timepoints (up to
5 weeks) (Supplementary Fig. 1C). To draw conclusions on whether the
remaining CRISPR components were trapped inside the PLGA core, the
CRISPR/Cas9-PLGA-NPs were labelled with anti-Cas9 antibody at
timepoint 0, and after 3 and 5 weeks of incubation at 37 °C (Supple-
mentary Fig. 1D). The Cas9 labelling coincided with the signal of the
Cy5 fluorescent dye that was co-encapsulated together with the CRISPR
components inside the PLGA core. The signal decreased over time, but
Cas9 could still be detected in the NPs after 3-5 weeks at 37 °C, indi-
cating that the release of Cas9 from PLGA-NPs was incomplete.

3.2. Evaluation of toxicity and uptake of CRISPR/Cas9-PLGA-NPs

Next, we assessed potential toxicity of CRISPR/Cas9-PLGA-NPs on
the human erythroblast cell line HUDEP-2. HUDEP-2 cells were incu-
bated for 24 h with increasing concentrations of CRISPR/Cas9-PLGA-
NPs and cell viability was assessed by flow cytometry on day 3, 6, 9
and 13 after NP-uptake (Fig. 2A). The NPs did not induce cytotoxic ef-
fects, even at a concentration of 200 pg/mL. Next to cell viability, we
also measured NP-uptake by flow cytometry by determining the per-
centage of Cy5-positive HUDEP-2 cells. Quantification of the Cy5 signal
on day 3 post NP-uptake showed that CRISPR/Cas9-PLGA-NPs were
readily taken up HUDEP-2 cells in a concentration dependent-manner
(Fig. 2B). At day 6, the Cy5 signal greatly decreased, indicating that
the payload diffused out of the CRISPR/Cas9-PLGA-NPs at this time
point.

We further analysed the intracellular routing of CRISPR/Cas9-PLGA-
NPs by confocal microscopy. To this end, HUDEP-2 cells were incubated
with 100 pg/mL CRISPR/Cas9-PLGA-NPs for 1 h, 4 h and 24 h and
subsequently labelled for the endosomal marker EEA-1 or incubated
with lysotracker. In line with the flow cytometry data, HUDEP-2 cells
had readily taken up NPs (Fig. 2C and D). Visual inspection revealed that
1 h after uptake the CRISPR/Cas9-PLGA-NPs preferentially colocalized
with endosomes, and 4 h after uptake with lysosomes. Quantification of
the Manders colocalization coefficient of the Cy5 signal from the NPs
and EEA-1 confirmed a significantly higher colocalization 1 h after NP
uptake, compared to 24 h (Fig. 2E). In contrast to EEA-1, colocalization
with lysosomes increased after 4 h, and then decreased after 24 h
(Fig. 2F). Our data suggests an increasing exclusion of NPs from the
endosomal/lysosomal routing and translocation to the cytosol within 24
h after uptake. Furthermore, labelling of Cas9 revealed that shortly after
NP-uptake, Cas9 expression overlapped with Cy5, but after 24 h Cas9
and Cy5 expression appeared diffuse (Supplementary Fig. 2), indicating
that a fraction of Cas9 diffused out of NPs within 24 h after cellular
uptake.

3.3. Proof-of-concept: CRISPR/Cas9-PLGA-NP functionality

Next, we analysed the functionality of CRISPR/Cas9-PLGA-NPs. We
generated eGFP-expressing HUDEP-2 cells by lentiviral transduction
followed by bulk sorting of eGFP-positive cells to test the encapsulated
eGFP-targeting sgRNA and Cas9. HUDEP-2-eGFP cells were incubated
with increasing concentrations of CRISPR/Cas9-PLGA-NPs or control-
NPs (Cas9, Cy5 and scrambled gRNA) and the bulk of NP-treated
HUDEP-2 cells was propagated (Fig. 3A and B). At day 3, 6, 9 and 13
eGFP expression was measured by flow cytometry. eGFP protein
expression was slightly reduced as early as 3 days after NP-uptake,
compared to control-NPs, and showed significant reduction in eGFP
signal on day 6 and day 9 after NP-uptake. On day 13, eGFP-expression
was reduced by 70%, which was confirmed by reduction of EGFP mRNA
levels (Fig. 3C), thus demonstrating the functionality of CRISPR/Cas9-
PLGA-NPs. We wondered whether gene editing would be as efficient
when encapsulating a hybridized gRNA consisting of cr and tracer RNA
instead of a sgRNA. To this end, we prepared a batch of CRISPR/Cas9-
PLGA-NPs with eGFP-targeting hybridized gRNA (Table 1) and
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Fig. 2. Uptake and intracellular routing of CRISPR/Cas9-PLGA-NPs in hematopoietic cells. (A) Viability of HUDEP-2 at day 3, 6, 9 and 13 after incubation with
various concentrations of CRISPR/Cas9-PLGA-NPs and control-NPs, determined by flow cytometry as Hoechst-negative cells. (B) % of Cy5" cells at day 3, 6, 9 and 13
after NP-uptake, measured by flow cytometry (C-D) Representative pictures of the intracellular routing of CRISPR/Cas9-PLGA-NPs analysed by confocal microscopy.
Uptake of CRISPR/Cas9-PLGA-NPs (red) by HUDEP-2 cells 1, 4 and 24 h after incubation with 100 pg/mL of NPs. Cells were fixed and stained with DAPI (nucleus =
blue), the cell surface marker GPA (cyan) and (C) the early endosomal marker EEA-1 or (D) with lysotracker (green). Scale bar = 10 pm. Colocalization between (E)
NPs and EEA-1 or (F) NP and lysotracker as determined by the Mander’s coefficients (M1). Results are representative of multiple cells in two independent exper-
iments All P-values were generated using Mann-Whitney test. *=< p 0.476, ****=< p 0.0001. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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eGFP-expressing HUDEP-2 cells, treated with control and CRISPR/Cas9-PLGA-NPs, at day 3 and day 13 after NP-treatment. (C) relative EGFP mRNA expression (vs
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evaluated the functionality on eGFP-expressing HUDEP-2 cells on day
13 after NP-treatment (Fig. 3D). The gene-editing efficacy of the hy-
bridized gRNA was comparable to the sgRNA, resulting in 50% reduc-
tion in eGFP-signal compared to control-NPs. To evaluate the efficacy of
CRISPR/Cas9-PLGA-NPs compared to other non-viral delivery methods,
we transfected eGFP-expressing HUDEP-2 cells with Cas9 and gRNA
(eGFP) using lipofection (Fig. 3E). We did not observe any reduction in
eGFP-expression when using lipofection-mediated delivery of the
CRISPR-RNP complex, demonstrating the efficacy of CRISPR/Cas9-
PLGA-NPs as alternative delivery system for the RNP complex in
erythroblasts.

3.4. CRISPR/Cas9-PLGA-NP as delivery vehicle for therapeutic gRNAs

To evaluate the efficacy of CRISPR/Cas9-PLGA-NPs for therapeutic
purposes, we prepared CRISPR/Cas9-PLGA-NPs encapsulating a sgRNA
that efficiently induces a deletion within the y-globin promoter, which
abolishes binding of HbF transcriptional repressors, leading to clinically
significant upregulation of HbF expression in erythroid cells (Table 1)
[21]. WT HUDEP-2 cells were treated with CRISPR/Cas9-PLGA-NPs and
control-NPs. CRISPR/Cas9-PLGA-NPs targeting the y-globin promoter
region did not compromise cell viability, monitored at day 13 post

NP-treatment by flow cytometry (Supplementary Fig. 3A). HUDEP-2 cell
morphology was not affected by treatment with
CRISPR/Cas9-PLGA-NPs (Supplementary Fig. 3B), nor did the NPs
induce differentiation (Supplementary Fig. 3C).

Next, we incubated HUDEP-2 cells with CRISPR/Cas9-PLGA-NPs and
evaluated the percentage of HbF-positive (F) cells by flow cytometry at
day 13 after NP-treatment (Fig. 4A). 200 pg/mL or 100 pg/mL CRISPR/
Cas9-PLGA-NPs increased the percentage of F-cells (50.6% and 70.4%,
respectively), compared to 200 pg/mL of control-NPs encapsulating
scrambled gRNA (8.2%) or electroporation of Cas9 and the same sgRNA
(24.7%).

Flow cytometry results were validated by RT-PCR (Fig. 4B-D). 13
days after NP-incubation, the levels of adult p-globin (HBB) mRNA
transcript were reduced in the electroporation control and upon treat-
ment with CRISPR/Cas9-PLGA-NPs, in a concentration dependent-
manner (Fig. 4B) and the levels of y-globin (HBG) mRNA transcript
increased accordingly (Fig. 4C). In electroporated cells, the percentage
of y-globin mRNA increased to 29%, while CRISPR/Cas9-PLGA-NPs
raised the percentage of y-globin to 47-69%, compared to 15-16% in
control-NP-treated cells (Fig. 4D). Our results show that CRISPR/Cas9-
PLGA-NPs induced high levels of HbF in HUDEP-2 cells, without
affecting cellular viability or phenotype. The expression of HbA was
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decreased by a similar amount as observed in non-deletion HPFH.

Next, we assessed uptake and gene-editing efficacy of CRISPR/Cas9-
PLGA-NPs on primary human erythroblasts, cultured from PBMCs using
an erythroid differentiation protocol. In the first phase, erythroid pro-
genitors were expanded until they dominated the cell culture around
day 8. Erythroid progenitors were incubated with different concentra-
tions of CRISPR/Cas9-PLGA-NPs (encapsulating the y-globin promoter
targeting sgRNA) and control-NPs, followed by induction of the
expansion phase. Three days after NP-incubation (day 11 of erythroblast
differentiation), we measured the percentage of NP-positive cells and
the intracellular levels of HbF by flow cytometry (Fig. SA). Similar to the
results obtained in HUDEP-2 cells, NPs were readily taken up by
erythroblast progenitors in a concentration dependent manner (Fig. 5A).
10% of primary cells expressed HbF and incubation with control-NPs did
not increase HbF expression, despite efficient uptake of control-NPs
(Fig. 5A). CRISPR/Cas9-PLGA-NPs elevated the levels of HbF in a
concentration-dependent manner to 18.1% (50 pg/mL) and 51.7% (200
pg/mL) (Fig. 5A). RT-PCR confirmed a concentration-dependent in-
crease in the percentage of HbF expression at day 3 after treatment with
CRISPR/Cas9-PLGA-NPs, but not with control-NPs (Fig. 5B). Analysis of
HbF expression over time by flow cytometry showed that the levels of
HDF further increased on day 8 and day 14 after treatment with CRISPR/
Cas9-PLGA-NPs, while the levels of HbF in WT and control-NP-treated
cells remained constant (Fig. 5C). 200 pg/mL and 100 pg/mL CRISPR-
Cas9-PLGA-NPs induced high levels of HbF already on day 3, while at
50 pg/mL, increased levels of HbF could be detected on day 8. Genomic
analysis of CRISPR/Cas9-PLGA-NPs and control-NP-treated erythro-
blasts confirmed mutations in the HBG promoter region (Fig. 5D). To
estimate the frequency and kind of insertions/deletions (indels), we
performed TIDE analysis [42] on the Sanger sequencing trace data of the
bulk of edited erythroblasts (Fig. SE). The total indel efficacy was 38.4%,
containing insertions as well as deletions. Altogether, our data demon-
strates the functionality and efficacy of CRISPR-Cas9-PLGA-NPs in
inducing HbF in primary erythroblasts.

3.5. CRISPR/Cas9-PLGA-NP-mediated gene-editing of primary HSPC

The application of CRISPR-Cas9 technology has been hampered by
challenges in efficient non-viral expression and delivery of CRISPR
components in CD34" cells, in particular in HSPCs. To evaluate the ef-
ficacy of CRISPR/Cas9-PLGA-NPs as delivery system for the CRISPR-
RNP complex to HSPCs, we performed uptake studies on isolated
human CD34" cells. Freshly isolated CD34" cells from PBMCs were
incubated with 100 pg/mL CRISPR/Cas9-PLGA-NPs for 1 h at 37 °C and
binding and uptake of NPs was evaluated by confocal microscopy
(Fig. 6A). CRISPR/Cas9-PLGA-NPs bound and were taken up by
different cell types within the population of CD34" cells, including
CD34M8h cells. We performed additional flow cytometry studies to
analyse the binding and uptake behaviour of CD34" cells. To this end,
CD347" cells were incubated with CRISPR/Cas9-PLGA-NPs at 4 °C, when
cells can bind but not take up NPs, and at physiological conditions at
37 °C (Fig. 6B). Binding and uptake of CRISPR/Cas9-PLGA-NPs by
CD347" cells were concentration-dependent. Thus, for further analysis
we incubated CD34 " cells with 200 pg/mL CRISPR/Cas9-PLGA-NPs. To
evaluate potential cytotoxicity and the gene-editing capacity of CRISPR/
Cas9-PLGA-NPs on CD34 " cells, we performed clonal studies on single-
cell-derived burst-forming unit-erythroid (BFU-E) colonies grown in
methylcellulose culture. To avoid differentiation, CD34 ™ cells were only
shortly incubated with 200 pg/mL CRISPR/Cas9-PLGA-NPs. To increase
NP-loading, CRISPR/Cas9-PLGA-NPs were centrifuged on CD34" cells
and NP-loaded cells were directly plated into methylcellulose. Flow
cytometry confirmed efficient binding of CRISPR/Cas9-PLGA-NPs to
CD34" cells (Fig. 6C). To assess the number of Cy5+ colonies, the
methylcellulose plates were scanned at 700 nm with the Odyssey im-
aging system (Supplementary Fig. 4).

Almost all colonies derived from CD34" cells treated with CRISPR/
Cas9-PLGA-NPs were Cy5™', while there was no background signal in
WT colonies. Further analysis of single clones showed that almost all
cells within a colony were Cy5* (Fig. 6D). There was no difference in the
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blue). Bottom row, labelling of the cell surface marker CD34 (green) was included. (B) Binding and uptake of CRISPR/Cas9-PLGA-NPs by isolated CD34™" cells after 1
h at 4 °C (binding) or 37 °C (binding and uptake). The data represents the mean + SEM of 2 independent experiments, including 1 donor. (C) Representative flow
cytometry plot of CD34™" cells treated with 200 pg/mL CRISPR/Cas9-PLGA-NPs for 30 min at 37 °C before plating into methylcellulose. (D) Representative images of
colonies grown from CD34" WT cells, or CD34 " cells treated with CRISPR/Cas9-PLGA-NPs, imaged with a fluorescent microscope. NPs (green), scale bar = 100 pm.
(E) Hematopoietic progenitor numbers in WT, CRISPR/Cas9-PLGA-NP- or control-NP-treated isolated CD34" cells. CFU-C (colony forming unit-culture) per 500
sorted cells is shown, with colony types designated by coloured bars: CFU-G = CFU-granulocyte, CFU-M = macrophage and CFU-GM = CFU-granulocyte, macro-
phage, CFU-GEMM = CFU-granulocyte, erythroid, macrophage, megakaryocyte, and BFU-E = burst forming unit erythroid. (F) TIDE and (G) percent HBG mRNA in
WT BFU-E colonies, or colonies edited with CRISPR/Cas9-PLGA-NPs or control-NPs. As positive control, the RNP complex was delivered to CD34" cells by elec-
troporation. Data represent the mean + SEM of 2 independent experiments. All P-values were compared to the respective control cells using Mann-Whitney test.
**=< p 0.0065, ****=< p 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

number and type of hematopoietic progenitor colonies derived from WT, electroporated CD34™ cells, respectively, had indels and were mosaic for
CRISPR/Cas9-PLGA-NP and control-NP treated isolated CD34" cells HBG1/HBG2 mutations (Fig. 6F). This reflects most likely editing over
(Fig. 6E). TIDE analysis of BFU-E colonies from CRISPR/Cas9-PLGA- several rounds of cell division. RT-qPCR analysis of individual BFU-E

NPs-treated and electroporated CD34" cells revealed mutations in the colonies confirmed an increase in HbF mRNA expression in colonies
y-globin promoter region (Fig. 6F). Among the mutations, we identified derived from CD34" cells treated with CRISPR/Cas9-PLGA-NPs and
deletions, as well as insertions. On average 32% and 28% of the screened after electroporation (Fig. 6G). Thus, our data indicates that a functional

BFU-E colonies derived from CRISPR/Cas9-PLGA-NP-treated and CRISPR-complex was released for a prolonged period of time in CD34"

11



L.J. Cruz et al.

cells, resulting in highly efficient gene-editing without inducing cellular
cytotoxicity.

4. Discussion

CRISPR genome-editing technology has rapidly become a powerful
strategy with great potential to cure a large variety of human diseases,
including those of the hematopoietic system. However, the delivery of
the CRISPR technology to HSPCs remains a challenge. The current state
of the art for CRISPR delivery in HSPCs comprises electroporation of the
RNP complex and adeno-associated virus (AAV) [44,45] or
lentivirus-mediated gene transfer [46-48]. Due to low packaging effi-
cacy, documented immunogenicity of AAV vectors and potential safety
issues of the classical vehicles [49,50], non-viral delivery of the RNP
complex would be the preferred method. Hematopoietic cells are in
general notoriously difficult to transfect using non-viral approaches.
Although successful non-viral gene-editing in HSPCs has been reported
[14], electroporation of HSPCs remains associated with cellular toxicity
[51,52].

In this study, we used PLGA to develop a versatile CRISPR delivery
system in erythroid cells and HSPCs. CRISPR/Cas9-PLGA-NPs encapsu-
lated the CRISPR components Cas9 and gRNA (sgRNA or crRNA-
tracerRNA hybrid), as well as a fluorescent probe to monitor NP-
uptake and intracellular routing. CRISPR/Cas9-PLGA-NPs were exten-
sively characterized and showed efficient loading of Cas9, gRNA and
Cy5, while maintaining a uniform size of ~300 nm in diameter and a
negative surface charge.

The CRISPR genome-editing components are by nature proteolyti-
cally unstable and possess poor membrane permeability potential [29].
Encapsulated inside NPs, Cas9 and gRNA are protected from degrada-
tion [23], while the NP core confers new physicochemical properties to
the cargo, enabling more efficient uptake of the CRISPR components by
the cellular endocytosis machinery. It is well established that NPs
smaller than 500 nm enter the cells by pinocytosis [53]. The extent of
cellular uptake of PLGA-NPs is influenced by several properties, such as
NP size and surface charge, as well as incubation time and NP concen-
tration [54]. In this study, CRISPR/Cas9-PLGA-NPs were successfully
taken up by erythroblasts and freshly isolated CD34" cells in a
concentration-dependent manner, despite the lack of a specific targeting
moiety. In agreement with previous studies in which PLGA-NPs were
applied on CD34" cells [55], CRISPR/Cas9-PLGA-NPs did not induce
cellular cytotoxicity or impaired the hematopoietic potential of CD34"
cells plated in methylcellulose.

Analysis of the intracellular routing in HUDEP-2 cells showed that
CRISPR/Cas9-PLGA-NPs were endocytosed in EEA-1 positive vesicles,
which matured into lysosomes. In line with previously published data,
CRISPR/Cas9-PLGA-NPs escaped the endosomal/lysosomal route and
translocated to the cytosol within 24 h after uptake [56]. There are two
mechanisms that drive cargo release from PLGA-NPs, initially diffusion
and at a later stage degradation of the PLGA core [57]. We showed that
the release of Cas9 and gRNA from CRISPR/Cas9-PLGA-NPs followed
the typical release profile of standard PLGA NPs: an initial burst release
followed by a prolonged period of sustained release [58]. Analysis of the
NP physico-chemical properties revealed that CRISPR/Cas9-PLGA-NPs
were stable over a period of 7 weeks at 37 °C in PBS. Our microscopy
studies further confirmed the dissociation of the Cas9 from the Cy5
signal within 24 h after uptake in HUDEP-2 cells. Both signals appeared
more diffuse, compared to the earlier timepoints. Thus, the dominant
mechanism of release of Cas9/gRNA from the PLGA-core at early
timepoints was likely a result of diffusion.

Using CRISPR/Cas9-PLGA-NPs, we achieved similar editing effi-
ciency in HUDEP-2 cells and primary erythroblasts as reported by
Traxler et al. using lentiviral transduction [21]. The HBG promoter was
efficiently targeted in a concentration-dependent manner and high
levels of HbF were induced as early as 3 days post NP exposure in
erythroblasts. Microscopy data showed that within the pool of isolated
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CD34" cells, morphological small and less dense CD34"8" expressing
cells, corresponding to HSPCs [59], bound and took up
CRISPR/Cas9-PLGA-NPs 1 h after NP exposure, albeit at lower rates than
larger and denser CD34°" cells, presenting colony forming
units-granulocyte macrophage (CFU-GM) [59]. Flow cytometry data
further showed that the uptake of CRISPR/Cas9-PLGA-NPs by HSPCs
was dependent on NP concentration. Despite the initial difference in
NP-uptake among CD34 ™" cells, CRISPR/Cas9-PLGA-NPs were efficiently
taken up by erythroid progenitors, as on average 40% of analysed BFU-E
colonies showed indels in the targeted HBG1/HBG2 promoter loci. All
analysed colonies were mosaic for HBG1/HBG2 mutations, indicating
that after the initial burst release, the CRISPR components were released
slowly and remained functional during proliferation of methylcellulose
colonies. In summary, this establishes CRISPR/Cas9-PLGA-NPs as an
efficient non-viral delivery system for CRISPR/Cas9 to HSPCs.

B-hemoglobinopathies are most prevalent in developing countries. A
reliable, efficient, easy-to-use and cost-effective delivery method could
provide treatment to more patients. CRISPR/Cas9-PLGA-NPs address
several limitations to the current state of the art for HSPC gene editing,
such as electroporation-associated toxicity and efficacy of RNP complex
delivery inside target cells ex vivo and in vivo. The latter is a prerequisite
to take CRISPR/Cas9 forward to broader clinical applications. Encap-
sulation of CRISPR/Cas9 inside NPs and targeted delivery improves the
ratio efficacy/toxicity, and less Cas9 is needed to perform gene-editing
as the CRISPR-complex is targeted to and taken up by the right cell
type/tissue. This could help towards overcoming manufacturing chal-
lenges of GMP-quality Cas9 for clinical application, as encapsulated
drugs in PLGA allows an about 10-1000-fold increase in the efficiency of
drug compounds [60]. Importantly, CRISPR/Cas9-PLGA-NPs are versa-
tile and could be adapted to other gene-editing tools, such as adenine
and cytosine base editors [61].

To successfully translate CRISPR/Cas9-PLGA-NPs to clinical appli-
cation, some limitations in the efficacy of PLGA delivery systems need to
be addressed, such as the initial rapid (burst) release of the payload, that
we also observed in this study [62,63]. This could affect the concen-
tration of CRISPR/Cas9 in target cells in vivo. Changes in PLGA
composition (e.g. molecular weight or the composition ratio of lactide:
glycolide), incorporation of a second protecting layer (e.g. PEGylation)
on the PLGA-NP surface to avoid premature diffusion, or novel ‘smart”
polymers featuring a spatiotemporal controlled release kinetics [64]
could address these limitations and improve the efficacy of
CRISPR/Cas9-PLGA-NPs. Another limitation for clinical translation is
the rapid clearance of circulating NPs after systemic administration.
Surface modification by PEGylation [31,34,65] and targeting ligand
functionalization [32] are important factors to improve the blood cir-
culation half-life by reducing the level of nonspecific uptake and to in-
crease specificity towards target cells in vivo, respectively. For efficient
uptake by HSCs in vivo, CRISPR/Cas9-PLGA-NPs would need to reach the
bone marrow, which represents the major HSPC niche in adults. Several
strategies using bone-targeting peptides, small molecule ligands and
membrane coatings conjugated to the NP surface have been employed to
increase the localization of NPs to the bone marrow [66,67]. These
strategies could potentially be combined with CRISPR/Cas9-PLGA-NPs
to confer specificity towards HSPCs for future applications in vivo.

In summary, this study demonstrates the feasibility of utilizing the
advantageous properties of PLGA for efficient and safe delivery of the
CRISPR gene-editing machinery in HSPCs and provides a basis to bridge
the gap between bench and bedside by taking CRISPR/Cas9 forward to
broader clinical applications.
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