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Clinical applications of hematopoietic stem cell (HSC) gene
editing are limited due to their complex and expensive logistics.
HSC editing is commonly performed ex vivo using electropora-
tion and requires good manufacturing practice (GMP) facil-
ities, similar to bone marrow transplant centers. In vivo gene
editing could overcome this limitation; however, electropora-
tion is unsuitable for systemic in vivo applications to HSCs.
Here we evaluated polymer-based nanoparticles (NPs), which
could also be used for in vivo administration, for the delivery
of mRNA and nucleases to human granulocyte colony-stimu-
lating factor (GCSF)-mobilized CD34+ cells. NP-mediated
ex vivo delivery showed no toxicity, and the efficiency was
directly correlated with the charge of the NPs. In a side-by-
side comparison with electroporation, NP-mediated gene
editing allowed for a 3-fold reduction in the amount of reagents,
with similar efficiency. Furthermore, we observed enhanced
engraftment potential of humanHSCs in the NSGmouse xeno-
graft model using NPs. Finally, mRNA- and nuclease-loaded
NPs were successfully lyophilized for storage, maintaining their
transfection potential after rehydration. In conclusion, we show
that polymer-based NP delivery of mRNA and nucleases has the
potential to overcome current limitations of HSC gene editing.
The predictable transfection efficiency, low toxicity, and ability
to lyophilize NPs will greatly enhance the portability and pro-
vide a highly promising platform for HSC gene therapy.
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INTRODUCTION
The current gold standard treatment for many hematological diseases
and disorders is an allogeneic hematopoietic stem cell transplant
(HSCT). While this approach can lead to a therapeutic benefit,
most patients will not have a related histocompatibility leukocyte an-
tigen (HLA)-matched donor, and transplants from alternative donors
with inferior HLA matching can lead to significant graft-versus-host
disease (GVHD) as well as infectious disease complications. Autolo-
gous transplantation of gene-corrected patient cells has the potential
to overcome some of these hurdles.1,2 Hematopoietic stem cell (HSC)
gene therapy trials using CRISPR-Cas9 nucleases to treat b-hemoglo-
binopathies3,4 have shown promising results, paving the way toward a
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more widespread application of gene editing for a multitude of dis-
eases and disorders.

Despite these encouraging breakthroughs, therapeutic HSC gene edit-
ing is currently limited to only a few countries due to the logistical re-
quirements. Clinical gene editing approaches rely on the modification
of CD34+ hematopoietic stem and progenitor cells (HSPCs) outside
the patient’s body (ex vivo) and in their current routine application
require highly specialized medical facilities equipped with specialized
good manufacturing practice (GMP)-grade rooms. Administration of
HSPC gene therapy agents directly into the patient (in vivo) using tar-
geted agents couldmitigate themyeloablation-relatedmorbidity of cur-
rent ex vivo applications as well as solve logistical issues, avoid the need
for highly specialized GMP facilities, and enhance accessibility in coun-
tries with less-well-established infrastructure. However, the current de-
livery of gene editing reagents intoHSPCs is electroporation, a technol-
ogy that is not applicable for in vivoHSC gene therapy, and alternative
modalities are needed for the delivery of gene editing reagents.

We have previously shown that polymeric nanoparticles (NPs) can be
used to deliver mRNA into T cells and human umbilical cord blood-
derived HSPCs.5 Here, we optimized our previously reported NP
formulation to deliver mRNA into human granulocyte colony-stimu-
lating factor (GCSF)-mobilized HSPCs, the most frequently used cell
source for HSC gene therapy and editing, and specifically focused on
the NP-mediated delivery of CRISPR-Cas9 gene editing reagents into
these cells. Most importantly for a routine clinical application of this
technology, we defined cargo-specific quality control parameters for
NPs and established protocols to lyophilize and store formulated NPs
for enhanced portability and future in vivo applications.
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RESULTS
Particle charge is the most important parameter for successful

uptake of mRNA-loaded NPs

Poly-b-amino esters (PBAEs) have been successfully used to transfect a
wide variety of cell types,5–7 but little is known about the optimal PBAE
formulation for the transfection of human CD34+ cells. Here, we tested
PBAE-based-polymer variations from our previously established pro-
tocol5 to minimize toxicity and optimize efficiency for the delivery of
mRNA specifically into human GCSF-mobilized CD34+ cells.

In contrast to our previously published ratio of 1.1:1 (diacrylate to
amine monomer ratio), two additional molar ratios of 1.05:1 and
1.2:1 were produced (Table S1). NPs were formed through electro-
static self-assembly by mixing cationic PBAE polymers and anionic
mRNA at a weight-to-weight ratio of 60:1 in aqueous conditions.7

NPs were co-incubated with human CD34+ cells for 2 h at 37�C,
washed, and cultured for 48 h. Transfected cells were analyzed for
viability and transfection efficiency using an automated cell counter
and flow cytometry, respectively.

The viability of cells was greater than 90% for all PBAE batches
without any difference compared with untreated cells (Figure 1A). A
wide range of GFP expression (from 1.6% to 92%) was observed in hu-
man CD34+ cells (Figures 1B and 1C). On average, the highest trans-
fection efficiency was observed with PBAEs at a molar ratio of 1.2:1
(B7–B9), with polymer B7 demonstrating the overall greatest effi-
ciency (Figure 1B).

We noted inconsistent transfection efficiency comparing identical
formulations, suggesting batch-to-batch variability.8 We therefore
aimed to identify chemical and physicochemical properties that
correlate with the transfection efficiency, which can be used as quality
control parameters for PBAE-mediated delivery of mRNA into hu-
man CD34+ cells.

First, the chemical structure of polymers was analyzed using 1H
NMR. Formation and purity of PBAEs were highly similar without
any obvious differences (Figure S1). Second, we determined the
physicochemical properties of NPs by measuring the size, polydis-
persity index (PDI), morphology, and zeta potential of the NPs
formed using transmission electron microscopy (TEM) and a Zeta-
sizer. The average size of NPs ranged from 137 to 347 nm (Fig-
ure 1D) and showed only a weak correlation (R2 = 0.2222) with
the transfection efficiency. The effective NP size achieving >50%
transfection efficiency ranged from 178 to 347 nm. Low PDIs
(0.10–0.26) were observed across all batches, confirming the homo-
geneity of the NPs (Figure 1E). Monodispersity and size of the NPs
were confirmed by TEM for the most effective polymer batch, B7.
NPs had a spherical shape with an average size of 203 nm as well
as a uniform size distribution (Figure 1F). Last, we determined the
surface charge of the NPs. NPs were positively charged (1.5–
32 mV), and a strong correlation (R2 = 0.9094) of NP surface charge
with the transfection efficiency of human CD34+ cells was found
(Figure 1G).
These data suggest that the surface charge of NPs is the main factor
mediating effective uptake of mRNA-loaded NPs without compro-
mising the viability of human CD34+ cells.

Effective and predictable NP-mediated delivery of Cas9 RNPs

PBAE-based NPs are an efficient carrier system for delivering CRISPR-
Cas9 complexes into cell lines.9,10 Here, we evaluated our PBAEbatches
for the delivery of Cas9 ribonucleoprotein (RNP) complexes into hu-
man CD34+ cells. We disrupted the CD33 gene using two guide
RNAs (gRNAs) to excise exon 2 encoding theV-set extracellular immu-
noglobulin-like domain,11,12 a strategy to protectHSCs fromanti-CD33
treatments in acutemyeloid leukemia (AML)patients. NP-RNP formu-
lations were tested in nine independent experiments on human CD34+

cells to evaluate the reproducibility of NP physicochemical properties
and their cytotoxicity as well as gene editing efficiency.

High cell viability (>86%) was noted across all NPs loaded with
RNPs (NP-RNPs) we tested. However, great variability was
observed in the downregulation of CD33 surface expression,
ranging from 13% to 85% (Figure 2A). Stable genomic excision of
CD33 exon 2 was confirmed by PCR compared with untreated cells
(Figure S2A). NP-RNPs were smaller than NPs loaded with mRNA
(NP-mRNA), ranging from 98 to 214 nm. Like NP-mRNAs, NP-
RNPs showed no correlation (R2 = 0.06045) between the size and
CD33 loss (Figure 2B). A wide range of PDI (0.12–0.79) was
observed in NP-RNP formulations, and high PDIs were associated
with little CD33 downregulation (Figure 2C). However, even with
low PDI, some formulations did show poor CD33 downregulation,
indicating that the PDI is not the main factor for successful editing.
NP-RNPs showed a positive surface charge (12–30 mV) that was
strongly correlated (R2 = 0.8652) with CD33 downregulation, con-
firming also for NP-RNPs that the charge is the most important
parameter for successful cargo delivery into human CD34+ cells
(Figure 2D). The effective size range reaching greater than 50%
knockout of CD33 was seen for 133 to 200 nm sized NP-RNPs
with 20–30 mV surface charge (Figures 2B and 2D).

In contrast to NP-mRNAs, NP-RNPs have multiple components that
need to be assembled before NPs can be formed. Furthermore, gRNAs
have been shown to be highly susceptible to degradation. Here, we
tested whether the assessment of physicochemical properties can be
used to determine the integrity of components and successful assem-
bly of RNPs, as well as the formation of NP-RNPs. RNPs are small
and negatively charged due to the gRNA incorporated into the posi-
tively charged Cas9 (Figure S2B). Positively charged Cas9 proteins, as
well as single-guide RNAs (sgRNAs) alone with polymer, form 40 to
60 nm sized particles, have a slight positive charge, and are distinctly
different from NP-RNPs in their physicochemical properties (Fig-
ure S2B). Only intact RNP complexes can generate particles that
have the polymer in the correct size and charge range shown to be
effective and predictive for gene editing.

We show that our modified PBAE formulation can efficiently encap-
sulate and deliver RNPs into human CD34+ cells without signs of
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Figure 1. Characterization and testing of GFP mRNA-

loaded NPs on human CD34+ cells

(A) Cell viability and (B) GFP expression after NP-mediated

GFP mRNA delivery. Molar ratios of diacrylate to amine to

synthesize polymer batches are indicated at the bottom.

Untreated cells were used as a control. (C) GFP expression

in NP-treated human CD34+ cells (scale bar, 20 mm). (D)

Correlation between the transfection efficiency and average

size of NP-mRNA. (E) Polydispersity index (PDI) of NP-

mRNA. (F) Representative TEM image of NP-mRNA using

polymer batch B7 (scale bar, 2 mm; insert, 50 nm). (G)

Correlation between the transfection efficiency and the zeta

potential of NP-mRNA. Size, PDI, and zeta potential were

measured with a Zetasizer. Statistics: (A and B) mean ± SD.
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cytotoxicity. Most importantly, the editing efficiency of NP-RNPs
correlates with the surface charge, providing an important quality
control to predict the gene editing efficiency in human CD34+ cells.
2188 Molecular Therapy Vol. 30 No 6 June 2022
In addition, the combined assessment of size
and charge can ensure the integrity of gene edit-
ing reagents and successful formation of NPs
containing RNP complexes.

NP-RNP-edited HSPCs retain long-term

multilineage engraftment and CD33

downregulation in vivo

To confirm that NP-mediated gene editing has no
adverse effects on the engraftment and multiline-
age differentiation potential, ex vivo NP-edited
CD34+ cells were transplanted into sublethally
irradiated adult NSG mice. Human chimerism
and, specifically, the knockdown of CD33 surface
expression were tracked longitudinally in the pe-
ripheral blood (PB). In addition, multilineage dif-
ferentiation in tissues, as well as engraftment of
gene-edited human CD34+ cells in the bone
marrow (BM) stem cell compartment, was deter-
mined at necropsy (Figure 3A).

Polymer formulation B7 was used to edit human
CD34+ cells ex vivo. NP-RNPs were 200 nm in
diameter with a PDI of 0.2, and the surface charge
was highly positive (30 mV). High viability (85%)
of human CD34+ cells was observed after NP-
mediated editing. Approximately 85% downregu-
lation of CD33 surface expression was seen
ex vivo compared with untreated control cells.
For the mouse xenograft studies, 2.0 � 105 NP-
edited and 5.0 � 105 unedited cells were trans-
planted per mouse and the animals were followed
longitudinally.

Overall human engraftment in the PB was com-
parable (Figure 3B), and multilineage differentia-
tion was seen in both groups (Figures 3C and S3A). Genomic analysis
confirmed excision of the CD33 exon 2 in bulk PB cells with on
average 60%–70% editing (Figures 3D and 3E). Consistent



Figure 2. Characterization and testing of RNP-loaded

NPs on human CD34+ cells

(A) Cell viability and knockout of CD33 exon 2 on the cell

surface (CD33DE2) determined 72 h after NP-mediated

editing of human CD34+ cells. The editing efficiency was

calculated relative to the background noise in untreated

cells. (B) Correlation between the CD33 editing efficiency

and size of NP-RNPs. (C) Polydispersity index (PDI) of NP-

RNPs. (D) Correlation between the CD33 editing efficiency

and zeta potential of NP-RNPs. Statistics: (C) mean ± SD.
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downregulation of CD33 surface expression greater than 90% was
seen by flow cytometry on PB monocytes across all time points
(Figure 3F).

Analysis of the BM, spleen, and thymus confirmed human engraft-
ment in mice receiving untreated and NP-RNP-treated cells (Fig-
ure 3G) with multilineage contribution in BM, spleen, and thymus
in both experimental groups (Figures S3B–S3D). Immunopheno-
typic characterization of the BM stem cell compartment demon-
strated successful engraftment of CD34+ HSPCs and the HSC-en-
riched CD34+CD90+ subset (Figure 3H). Phenotypical human
CD34+ and CD34+CD90+ cells were introduced into colony-form-
ing cell (CFC) assays by fluorescence-activated cell sorting (FACS)
to confirm their multilineage differentiation potential. Both pheno-
types were capable of realizing erythroid, myeloid, and erythromye-
loid colonies (Figures S3E–S3H).

Genomic analysis of individual CD34+- and CD34+CD90+-derived
colonies confirmed CD33 editing exclusively in the NP-RNP-treated
group (Figure S3I). Approximately 56% of CD34+-derived colonies
and 26% of CD34+CD90+-derived colonies demonstrated editing of
the CD33 exon 2 (Figure 3I). Interestingly, the majority of gene-
modified CD34+-derived colonies demonstrated monoallelic editing
(62%), whereas more biallelic knockout of CD33 exon 2 (61%) was
observed in colonies derived from the HSC-enriched CD34+CD90+

subset.

In summary, NP-RNP-edited CD34+ cells demonstrate long-termmul-
tilineage engraftment in themouse xenograft model.Most importantly,
gene-edited CD34+ as well as primitive CD34+CD90+ cells efficiently
M

engrafted in the BM stem cell compartment, per-
sisted long term, andmaintained theirmultilineage
differentiation potential.

Enhanced feasibility of NP-RNPs in

comparison with electroporation-mediated

gene editing

Electroporation (EP) is the state-of-the-art
technology to deliver gene-editing reagents
into human CD34+ cells for experimental,
pre-clinical, and clinical applications. Here,
we compared NP-RNPs side by side with EP
for the delivery of RNPs into human GCSF-mobilized CD34+ cells.
Similar to the previous experiment, we used our polymer formula-
tion B7 to deliver RNPs for the knockout CD33 exon 2. In parallel,
CD34+ cells were edited with our established EP protocol.11

Twenty-four hours after editing, NP-edited, EP-edited, and uned-
ited CD34+ cells were evaluated for viability; downregulation of
CD33 was assessed by flow cytometry; and edited cells were trans-
planted into sublethally irradiated NSG mice to evaluate the long-
term multilineage engraftment potential.

NP-RNPs were 200 nm in diameter with a PDI of 0.2, and the sur-
face charge was highly positive (30 mV). Cell viability was slightly
lower after NP (85%) and EP (72%) treatment in comparison with
untreated CD34+ cells (93%) (Figure 4A). CD33 expression was
successfully downregulated in NP-edited (88%) as well as EP-edi-
ted (76%) CD34+ cells (Figure 4B). Of note, downregulation of
CD33 with NPs required 3-fold smaller amounts of CD33-RNP re-
agents compared with EP.

For the mouse xenograft studies, 4.0 � 105 NP-edited, 3.2 � 105

EP-edited, and 5.0 � 105 unedited cells were transplanted per
mouse. Longitudinal flow cytometric assessment of the PB showed
human multilineage engraftment in all three groups (Figures 4C,
4D, and 4E). Genomic analysis and flow cytometry confirmed
the successful deletion of CD33 exon 2 (Figure 4F) and downregu-
lation of CD33 cell-surface expression on monocytes (Figure 4G)
in mice engrafted with edited CD34+ cells, respectively. Semiquan-
titative assessment of the genomic analysis (NP-RNP, 30%–55%;
EP, 25%–45%) was slightly lower than the observed downregula-
tion of CD33 by flow cytometry on monocytes (Figure 4H).
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Figure 3. Long-term engraftment of NP-RNP-edited human

CD34+ cells

(A–C) Schematic of the experimental design. Longitudinal flow

cytometric assessment of (B) human chimerism and (C) CD14+

monocytes in the PB. (D) PCR validation of CD33 editing in hu-

man cells in the PB at weeks (W) 8 and 10 post-transplant. (E)

Quantification of PCR bands in (D). (F) Longitudinal tracking of

human CD14+ monocytes in the PB lacking CD33 exon 2 on the

cell surface (CD33DE2) via flow cytometry. (G) Frequency of hu-

man chimerism in the bonemarrow (BM), spleen, and thymus. (H)

Frequency of engrafted human CD34+ cells (left y axis) and the

HSC-enriched CD34+CD90+ subset (right y axis) in the BM. (I)

Genomic analysis of the CD33 genotype (+/+, wild type; +/�,

heterozygous knockout; �/�, homozygous knockout) of indi-

vidual CD34+- and CD34+CD90+-derived colonies (representa-

tive gel pictures shown in Figure S3I). Statistics: (G and H) mean ±

SEM, Wilcoxon signed-rank test.
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Figure 4. Long-term peripheral blood chimerism in mice transplanted with NP- versus EP-edited human CD34+ cells

(A) Cell viability and (B) reduction of CD33 cell-surface expression determined 72 h after NP- and EP-mediated editing of human CD34+ cells. Untreated cells were used as a

control. (C and D) Longitudinal flow cytometric assessment of (C) human chimerism and (D) CD14+ monocytes in the PB in mice transplanted with untreated, EP-RNP-, and

NP-RNP-edited humanCD34+ cells. (E) Humanmultilineage engraftment in the PB at week 20 post-transplant. (F) PCR validation of CD33 editing in human cells in the PB. (G)

Longitudinal monitoring of human CD14+ monocytes in the PB lacking CD33 exon 2 on the cell surface (CD33DE2) via flow cytometry. (H) Quantification of PCR bands in (F).

Statistics: (A and B) mean ± SD, one-way ANOVA.
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Overall, NP-mediated delivery of gene-editing reagents is similar in
efficiency to the current gold standard EP approach on human
GCSF-mobilized CD34+ cells. However, 3-fold smaller amounts of
gene-editing reagents are required in comparison with EP to reach
similar efficiencies of CD33 knockout and downregulation.

Improved reconstitution of the BM stem cell compartment with

NP-RNP-edited human CD34+ cells

We next evaluated the engraftment and multilineage differentiation
potential of NP- and EP-edited human CD34+ cells in tissues. Mice
were euthanized 20 weeks post-transplant, and multilineage engraft-
ment was determined flow cytometrically in the BM, spleen, and
thymus. In addition, recovery of the BM stem cell compartment
was determined by flow cytometry, and engrafted human CD34+ cells
as well as the HSC-enriched CD34+CD90+ subset were isolated and
introduced into CFC assays.

No significant differences in the frequency of human chimerism and
multilineage engraftment were seen in the BM of mice transplanted
with NP-edited, EP-edited, or unedited CD34+ cells (Figures 5A
Molecular Therapy Vol. 30 No 6 June 2022 2191
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Figure 5. Tissue engraftment and reconstitution of the BM stem cell compartment in mice transplanted with NP- versus EP-edited human CD34+ cells

(A) Frequency of human chimerism in the BM, spleen, and thymus. (B) Frequency of engrafted human CD34+ cells (left y axis) and the HSC-enriched CD34+CD90+

subset (right y axis) engrafted in the BM. (C and D) Total CFC potential (left graphs) and quantification of erythroid, myeloid, and erythromyeloid colonies (right graphs)

of human (C) CD34+ and (D) CD34+CD90+ cells. CFU, colony-forming unit; CFU-M, CFU monocyte/macrophage; CFU-G, CFU granulocyte; CFU-GM, CFU

(legend continued on next page)
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and S4A). However, human chimerism in mice transplanted with EP-
edited CD34+ cells was three to five times lower than in the control
group and in animals receiving NP-edited CD34+ cells. Similar trends
were seen in the spleen and thymus (Figures 5A, S4B, and S4C).

Nearly identical frequencies of CD34+ and CD34+CD90+ cells were
found in mice receiving untreated or NP-edited cells (Figure 5B).
In comparison, mice transplanted with EP-edited CD34+ cells con-
tained on average two to three times less human CD34+ as well as
CD34+CD90+ cells in the BM, suggesting impaired engraftment po-
tential of EP-edited CD34+ cells. Qualitatively, engrafted human
CD34+ cells from all three groups were highly similar in their overall
colony-forming potential, with almost identical proportions of
erythroid, myeloid, and erythromyeloid differentiation potentials
(Figure 5C). The greatest overall CFU potential was found for NP-
edited CD34+CD90+ cells in comparison with untreated and EP-edi-
ted cells without any obvious change in the composition of colony
types (Figure 5D). Of note, phenotypic CD34+CD90+ cells in two of
four EP-edited mice did not form any colonies.

Finally, we determined the knockout of CD33 exon 2 in PB and BM
white blood cells (WBCs) at necropsy (week 20) as well as from in-
dividual CD34+- and CD34+CD90+-derived colonies. Similar to the
cell-surface downregulation of CD33 on PB monocytes (Figure 4G),
21%/49% (EP/NP) and 63%/47% (EP/NP) knockout of CD33 exon
2 was seen in PB and BM WBCs, respectively (Figures 5E and S4D).
Up to 68%/72% of CD34+ colonies showed excision of CD33 exon 2
in the NP- as well as the EP-edited group, respectively (Figures 5F
and S4E). Enhanced biallelic editing was seen within NP-edited
CD34-derived colonies (77%) in comparison with EP-edited col-
onies (30%). Less overall editing (NP, 36%; EP, 49%) was seen in
CD34+CD90+-derived colonies, with similar trends in the biallelic
editing between the NP- and the EP-edited groups (Figures 5F
and S4F).

These findings demonstrate that NP-edited CD34+ cells show poten-
tial for engraftment and BM reconstitution, like unedited cells. Most
importantly, enhanced homing of primitive CD34+CD90+ cells into
the BM was found for cells edited with NPs in comparison with EP.

Lyophilized NPs retain gene-editing potential

To allow for an off-the-shelf availability of gene-editing agents, we
evaluated the lyophilization of mRNA- as well as RNP-loaded NPs
to enable an upfront production, quality control, and storage of
NPs for experimental, pre-clinical, and clinical applications. NPs
were cryoprotected in sucrose,13 stored at �20�C for 4–6 weeks,
and rehydrated with water. Rehydrated particles were analyzed for
size, charge, and PDI and applied to human CD34+ cells for func-
tional testing.
granulocyte/monocyte/macrophage; BFU-E, burst-forming unit erythrocyte; CFU-Mix,

based assessment of CD33 exon 2 knockout (CD33DE2) in PB and BM at week 20 sho

heterozygous knockout; �/�, homozygous knockout) of individual CD34+- and CD34+C

Statistics: (A and B) mean ± SEM, one-way ANOVA; (C and D) mean ± SD, one-way A
Rehydrated NP-mRNAs showed an insignificant reduction in size
and charge compared with freshly produced NP-mRNAs (Figure 6A).
Similarly, a slight reduction of transfection efficiency was observed for
lyophilized mRNA-loaded RNPs (Figure 6B). To determine whether
the observed loss in efficiency is connected to the reduced charge, we
overlaid the values with our previous correlation (Figure 6C). Charges
measured for lyophilized and rehydrated NPs matched our previous
correlation, confirming that the same quality control (QC) and pre-
dictive parameters can be applied to lyophilized NP-mRNAs after
rehydration.

Finally, we tested lyophilized NP-RNPs on human CD34+ cells. No
change in size and minimal reduction in charge was observed in
lyophilized and rehydrated NPs in comparison with freshly generated
NPs (Figure 6D). Again, a slight reduction in activity was observed for
lyophilized RNP-loadedNPswhen applied to CD34+ cells (Figure 6E).
Similar to mRNA-loaded NPs, the observed change in charge and ef-
ficiency for rehydrated NP-RNPs fit our previously determined corre-
lation for freshly prepared NP-RNPs (Figure 6F).

These data demonstrate that mRNA- and RNP-loaded NPs can be
lyophilized, stored, and rehydrated with minimal loss of activity.
Furthermore, previously determined QC parameters with freshly pre-
pared NPs for the prediction of activity on CD34+ cells do also apply
to lyophilized and rehydrated NPs.

DISCUSSION
Here, we show that our PBAE-based NP formulation can efficiently
deliver mRNA as well as nucleases into GCSF-mobilized human
CD34+ cells. Cargo-dependent QC parameters for NPs enabled us
to determine the integrity of the gene-editing reagents (gRNA,
Cas9) and reliably predict the efficiency of CD34+ cell transfection.
NP-mediated delivery required 3-fold smaller amounts of reagents
in comparison with EP, and enhanced reconstitution potential of
NP-edited cells in the BM stem cell compartment of the NSG mice
was observed. Finally, mRNA- as well as nuclease-loaded NPs can
be lyophilized and stored at �20�C, maintaining their transfection
potential after rehydrating.

A great variety of NP formulations have been used for the delivery of
mRNA, DNA, proteins, peptides, etc., into various healthy or malig-
nant cell types both ex vivo and in vivo.6,14,15 However, only very a few
NP-based nonviral delivery strategies have been reported so far spe-
cifically for the delivery of cargo into human CD34+HSPCs. Themost
frequently used particle types for CD34+ HSPCs are lipid NPs
(LNPs),16–18 gold NPs (GNPs),19,20 and polymer-based NPs
(PNPs).5,21–23 Successful NP-mediated RNP delivery into human
HSPCs has been previously shown by Shahbazi et al. using GNPs19

and Cruz et al. with PNPs.21 Similar to our data but focusing on
CFU containing a mix of erythroid and myeloid cells. (E) Quantification of the PCR-

wn in Figure S4D. (F) Genomic analysis of the CD33 genotype (+/+, wild type; +/�,

D90+-derived colonies (representative gel pictures shown in Figures S4E and S4F).

NOVA.
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Figure 6. Physicochemical properties and functional testing of lyophilized GFP mRNA- and CD33 RNP-loaded NPs

(A) Size and zeta potential of lyophilized NP-mRNAs. (B) Cell viability and transfection efficiency of human CD34+ cells treated with either fresh or lyophilized and rehydrated

NP-mRNAs (n = 2). (C) Overlay of the previously determined correlation of NP-mRNA charge and transfection efficiency shown in Figure 1F (black dots and line) with the

charge of freshly prepared (F) and lyophilized (L) NP-mRNAs. (D) Size and zeta potential of lyophilized NP-RNPs. (E) Cell viability and CD33 exon 2 knockout (CD33DE2)

efficiency of humanCD34+ cells treated with either fresh or lyophilized and rehydrated NP-RNPs (n = 2). (F) Overlay of the previously determined correlation of NP-RNP charge

and transfection efficiency shown in Figure 2D (black dots and line) with the charge of freshly prepared (F) and lyophilized (L) NP-RNPs. Statistics: (A, B, D, and E) mean ± SD;

(A and D) Wilcoxon signed-rank test.
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the knockout of the g-globin promoter to reactive fetal hemoglobin
for the treatment of sickle cell disease (SCD), Cruz et al. reached
greater editing efficiencies in human GCSF-mobilized CD34+ cells
with PNPs than with an EP-based delivery in the ex vivo setting.21

Here, we demonstrate in the NSG xenograft model that PNP-edited
human CD34+ cells also maintain their multilineage long-term
engraftment potential and show enhanced potential to reconstitute
the BM stem cell compartment, in contrast to EP-edited cells. Simi-
larly, enhanced efficiency in Cas9 RNP delivery has been shown for
PNPs in comparison with LNPs when tested on human cell lines
ex vivo or in mice in vivo.24,25 Collective data from these publications
illustrate that PNP-mediated delivery specifically of RNPs has great
potential for ex vivo as well as in vivo gene-editing protocols.

A major bottleneck of HSC gene editing is the fragility of the individ-
ual RNP components. Despite chemical modification, gRNAs can be
2194 Molecular Therapy Vol. 30 No 6 June 2022
subject to degradation due to environmental RNases, and interrup-
tions of low-temperature (�80�C) cooling chains hold the risk of
diminished nuclease activity. Functionality assessment before EP-
mediated delivery of these components is commonly not done or
technically feasible. Therefore, the efficiency of gene editing after
EP-mediated delivery remains oftentimes uncertain until cells can
be assessed either by flow cytometry, with next-generation
sequencing, or in functional transplantation assays days, weeks, or
months later. Lyophilization to stabilize NPs with various cargoes
has been shown to be feasible in many applications.21,26,27 Further-
more, polymers were shown to protect degradation-sensitive RNA
from RNases.27,28 Here, we show that polymeric NPs loaded with
mRNA as well as RNP complexes can be easily lyophilized, stored
at�20�C, and rehydrated, maintaining transfection efficiency for hu-
man CD34+ cells. Furthermore, we demonstrate that successful for-
mation of RNP complexes incorporated into the PNPs can be easily
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assessed for measuring the size and charge of particles, providing an
instant QC for the gene-editing reagents before use. These QC param-
eters remained the same for freshly prepared as well as lyophilized
and rehydrated PNPs, providing valuable guidelines for the assess-
ment of particles for experimental, pre-clinical, and clinical
applications.

The ability to easily assess the batch-to-batch variability of polymers
and individual NP formulations without long-lasting experiments,
as well as the opportunity to preserve quality-controlled mRNA-
or RNP-loaded PNPs will be of great value to increase the standard-
ization, reproducibility, portability, and accessibility of HSC gene
therapy. Most importantly, it allows the use of HSC gene therapy
in facilities without the availability of equipment to assess the phys-
icochemical properties of NPs or availability of low-temperature
storage capabilities. In addition, GMP facilities are very limited in
their daily throughput for ex vivo HSC gene therapy due to the
risk of contamination and cross-contamination. Even large GMP fa-
cilities are not able to handle more than a few or up to a dozen pa-
tients simultaneously, making it impossible to treat the millions of
patients who could benefit from this promising technology. Conse-
quently, a goal that many groups are working toward is the in vivo
delivery of gene-editing reagents to be fully GMP facility indepen-
dent. However, in vivo administration of gene therapy vectors
comes with new challenges. Target specificity, especially when deliv-
ering nucleases, will be of greatest importance to avoid unwanted
off-target effects in cells other than HSCs to prevent secondary dis-
eases. Modifications in the polymer26 or lipid,29 targeting with anti-
gen-specific antibody fragments,5,30–35 or exploiting/modifying the
natural tropism of the vector36 are promising strategies to enable
HSC specificity and provide enhanced safety of in vivo HSC gene
therapy.

The need for standardization of formulations and the definition of
QC parameters for the use of NPs in clinical applications is governed
by the Nanotechnology Characterization Laboratory (NCL) founded
by the NIH. In addition to their defined criteria for the characteriza-
tion of NP formulations, we here provide a direct correlation of QC
parameters with the efficiency of delivery and gene editing on human
CD34+ cells. The ability to easily predict the outcome based on phys-
icochemical properties will be of great value, especially due to the
batch-to-batch variability seen in the reagents that are not possible
to capture otherwise. Interestingly, the QC parameters defined here
were specific for human GCSF-mobilized CD34+ cells and did not
apply to cell lines (data not shown). This cell-type specificity may
help to enhance on-target delivery of gene therapy agents using
PNPs for in vivo HSC gene therapy.

This proof-of-concept study focuses on the CRISPR-based
knockout of CD33. However, sgRNAs can be easily exchanged
for alternative HSC gene therapy approaches aiming for the treat-
ment of other hematological diseases and disorders such as HIV/
AIDS37,38 and sickle cell disease,39 opening up the availability of
this treatment option to many patients. While our PNP-based
CRISPR approach relies on DNA double-strand breaks and bears
the risk of unwanted genomic alterations,40 treatment approaches
relying on a single nucleotide exchange may focus on NP-mediated
delivery using base/prime editors.41 Other approaches likely
benefiting from NP-mediated delivery systems include the homol-
ogy-directed repair (HDR)-mediated integration of genomic infor-
mation into specific loci. While current HDR-mediated ap-
proaches rely on a two-step protocol delivering the nuclease
with EP and the homology template for integration by viral trans-
duction, both components can be delivered within the same or in
two independent NPs simultaneously reducing the toxicity and
increasing the efficiency to reach the same cell.

In conclusion, polymeric PBAE-based PNPs are a feasible, chemically
defined, and highly portable delivery platform with the potential to
overcome currently existing limitations and bottlenecks toward a
routine clinical application of HSC gene therapy. Due to their low
toxicity, biocompatibility, and engineerable surface, PNPs are a
promising technology for the HSC-targeted in vivo delivery of
gene-editing materials. PNP formulations are highly versatile, their
cargoes interchangeable for disease-specific applications; their quality
is easy to control; and they allow predictable gene editing of human
HSCs.

MATERIALS AND METHODS
Polymer synthesis

PBAE polymers were synthesized using a method similar to that
described by Mangraviti et al. and Stephan et al.5,7 Briefly, the base
monomer, 1,4-butanediol diacrylate, was combined with a side-chain
monomer, 4-amino-1-butanol, in a 1.05:1, 1.1:1, or 1.2:1 molar ratio.
The mixture was heated to 90�C and stirred for 24 h to produce dia-
crylate-terminated polymers. The polymers were dissolved in 2 mL
anhydrous tetrahydrofuran (THF) and added to 5 mmol of 1-(3-ami-
nopropyl)-4-methylpiperazine to form piperazine-capped polymers.
The reactions were conducted for 2 h at room temperature while stir-
ring. Polymers were purified to remove unreacted monomers and
oligomers via precipitation in diethyl ether. Polymers were dried in
a vacuum desiccant for 24 h to remove traces of ether. Finally,
PBAEs were dissolved in anhydrous dimethyl sulfoxide (DMSO) at
100 mg/mL and stored at �20�C with desiccant in small aliquots to
limit freeze-thaw cycles.

Polymer characterization

To confirm the formation and purity of the produced polymers, NMR
spectroscopy via 1H NMR (Bruker 499.956 MHz) was used to charac-
terize the polymer structure.

Nanoparticle preparation

NP-mRNA

PBAE polymer and GFPmRNA (TriLink Biotechnologies, San Diego,
CA, USA) were separately dissolved in 25 mM nuclease-free sodium
acetate buffer (pH 5.2) and combined at equal volumes, with a 60:1
mass ratio of polymer to mRNA. NPs were allowed to assemble for
5 min at room temperature.
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NP-RNP

To prepare NPs encapsulating CRISPR RNPs, two synthetic sgRNAs
flanking exon 2 of CD33 (Table S2; Synthego, Redwood City, CA,
USA) were mixed together at a 1:1 volume ratio. Cas9 protein
(TrueCut Cas9 v.2; Thermo Fisher Scientific, Waltham, MA, USA)
and sgRNAs were then mixed at a 5:1 molar ratio at room tempera-
ture for 10 min to allow RNP assembly. Next, RNPs were mixed with
PBAE polymers at a 1:1 volume ratio to form NPs.

Nanoparticle lyophilization

NPs loaded with GFP mRNA or CD33-RNPs were lyophilized by
adding 60 mg/mL D-sucrose as a cryoprotectant before flash-freezing
on dry ice. NPs were processed in a FreeZone 2.5 L freeze-dry system
(Labconco, Fort Scott, KS, USA). Lyophilized NPs were stored
at �20�C until use. For application, lyophilized NPs were reconsti-
tuted in sterile water to restore their original concentration.

NP characterization

Zetasizer

The hydrodynamic diameter, PDI, and zeta potential of NPs were
measured using a Zetasizer Nano S device (Malvern Analytical, Mal-
vern, UK). Measurements were carried out in triplicate and data were
analyzed using the Zetasizer software (version 7.13). For measure-
ments, NPs were diluted 1:50 in 25 mM nuclease-free sodium acetate
buffer.

TEM

The size and shape of NPs were determined using TEM. A volume of
25 mL of sample was applied to a glow-discharge-activated 200 mesh
carbon/formvar-coated copper grid. After 30 s, a drop of 1/2 Karnov-
sky’s fixative, a drop of 0.1 M cacodylate buffer, 8 drops of deionized
water, and a drop of 1% (w/v) filtered uranyl acetate were added to the
grids sequentially. Grids were dried inside a desiccator and imaged by
TEM (JEOL JEM 1400, Peabody, MA, USA).

Enrichment and culture of human CD34+ cells

Primary human CD34+ cells were purchased from the Co-operative
Center for Excellence in Hematology (CCEH) at the Fred Hutchinson
Cancer Research Center. Collections were performed according to the
Declaration of Helsinki and were approved by a local ethics commit-
tee/institutional review board of the Fred Hutchinson Cancer
Research Center. All healthy adult donors were mobilized with
GCSF. Human CD34+ cells were enriched as previously described
on a CliniMACS Prodigy according to the manufacturer’s instruc-
tions (Miltenyi Biotec, Bergisch Gladbach, Germany).42

Human CD34+ cells were cultured in StemSpan (STEMCELL Tech-
nologies, Vancouver, BC, Canada) medium supplemented with peni-
cillin-streptomycin (PS) (100 U/mL) (Gibco by Life Technologies,
Waltham, MA, USA) and 100 ng/mL of each stem cell factor
(PeproTech, Cranbury, NJ, USA), thrombopoietin (TPO; Pepro-
Tech), and Fms-related tyrosine kinase 3 ligand (FLT3-L; Miltenyi
Biotec). Cells were cultured at 37�C, 85% relative humidity, and 5%
CO2.
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In vitro transfection of human CD34+ cells with nanoparticles

Human CD34+ cells were thawed and cultured overnight in Stem-
Span medium with PS and cytokines. Next day, cells were har-
vested, counted, and resuspended in StemSpan without PS and
cytokines at a density of 150,000 cells per 150 mL per well of a
96 well plate (Corning, Corning, NY, USA). Freshly prepared or
lyophilized NPs were incubated with human CD34+ cells for 2 h
at 37�C. For 150,000 cells per 96-well-plate well, a total volume
of 15 mL NPs (60:1 mass ratio of polymer to mRNA) was added.
After 2 h, transfected cells were centrifuged and recultured in fresh
StemSpan medium with PS and cytokines for 48 to 72 h at 37�C
until analysis.

Electroporation of human CD34+ cells

EP of nuclease components was carried out as employed previ-
ously.43 Briefly, a volume of 0.69 mL RNPs was formed as
described above in an Eppendorf tube. For small-scale ex vivo ex-
periments, 150,000 human CD34+ cells were resuspended in
49.3 mL BTX buffer and added to the same tube, and the mixture
was then transferred into a 1 mm EP cuvette and electroporated
with 125 V and 5 ms pulse duration using the ECM 380 Square
Wave Electroporation System (Harvard Apparatus, Cambridge,
MA, USA). For large-scale mouse transplants, cell numbers and
volumes were scaled to 500,000 cells per mouse and EP was per-
formed in 2 mm cuvettes with 250 V and 5 ms pulse duration.
Electroporated cells were cultured in StemSpan medium contain-
ing PS and cytokines at a density of 1 � 106/mL for 24 to 72 h
at 37�C until analysis or transplant.

Viability assessment of human CD34+ cells

The cell viability was analyzed using the Countess II FL automated
cell counter (Thermo Fisher Scientific). A 10 mL volume of trypan
blue stain (0.4%) (Invitrogen, Waltham, MA, USA) was mixed with
10 mL of cell suspension, and 10 mL of the mixture was applied to a
disposable cell counting chamber slide and inserted into the device.
The percentage of cell viability of each sample was recorded in dupli-
cate and reported as the mean ± SEM. To confirm the cell viability,
5 mL 40,6-diamidino-2-phenylindole (DAPI; cat. no. 564907, lot no.
9294998; BD Biosciences, Franklin Lakes, NJ, USA) was used during
the flow cytometry.

Mouse xenograft transplantation

For the in vivo assessment of engineered human CD34+ cells, adult
(8 to 12 weeks old) NSG (non-obese diabetic [NOD].Cg-Prkdcscid

Il2rgtm1Wjl/SzJ) mice were irradiated at 275 cGy. Four hours later,
the mice were intravenously injected with 200 mL of either
untreated, NP-RNP, or EP gene-edited human CD34+ cells. Begin-
ning at 8 weeks post-injection, blood samples were collected
every 2 to 4 weeks and analyzed by flow cytometry. After 19 to
20 weeks, the animals were sacrificed and tissues harvested and
analyzed. All animal studies were carried out at the Fred Hutchin-
son Cancer Research Center in compliance with the approved
Institutional Animal Care and Use Committee (IACUC) protocol
1483.
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Flow cytometry analysis and cell sorting

Flow cytometric analysis and sorting of human CD34+ cells were per-
formed using the fluorochrome-conjugated antibodies listed in Table
S3. Dead cells and debris were excluded via forward light scatter
(FSC)/side light scatter (SSC) gating and DAPI staining. Flow cyto-
metric analysis and cell sorting were performed on a FACSymphony
A5, FACSCelesta, FACSAria IIu, and Symphony S6 (BD Biosciences).
Data were acquired using FACSDiva version 6.1.3 and newer (BD
Biosciences). Data analysis was performed using FlowJo version 8
and higher (BD Biosciences).

CFC assay

For CFC assays, 400 FACS-purified CD34+ and CD34+CD90+

cells were seeded on 30 mm plates in 1.1 mL of methylcellulose
(MethoCult H4435, STEMCELL Technologies). Colonies were
counted and scored after 12–14 days according to morphology into
colony-forming unit (CFU)-granulocyte (CFU-G), CFU-macrophage
(CFU-M), granulocyte-macrophage (CFU-GM), and burst-forming
unit-erythrocyte (BFU-E). Colonies consisting of erythroid and
myeloid cells were scored as CFU-Mix.

PCR analysis of CD33 exon 2

White blood cells

Genomic DNA was extracted from samples using the QIAamp
DNA Blood Mini Kit (Qiagen, Hilden, Germany). Excision of
exon 2 was detected by PCR amplification on 40–60 ng genomic
DNA using 20 mM forward and reverse primers, listed in Table
S2. The target sequence was amplified running 35 cycles (assumed
to be within the window of linearity), and the resulting amplicon
was run on a 2% agarose gel (UltraPure agarose, Thermo Fisher
Scientific) with a 100 bp ladder (Thermo Fisher Scientific). Bands
corresponding to 200 bp indicated the deletion of exon 2, while
bands corresponding to 600 bp indicated the wild-type exon. To
allow semiquantitative assessment of gel bands, only 5%–10% of
the PCR product was loaded to not exceed the detection limit dur-
ing exposure and data acquisition on the G:Box Chemi-XRQ sys-
tem (Genesys, Daly City, CA, USA). Exposure times were adjusted
to not exceed the detection limit. Semiquantitative analysis of gel
bands was performed with ImageJ (see also https://imagej.nih.
gov/ij/docs/menus/analyze.html#gels).

CFC colonies

Individual colonies were picked and stored in QuickExtract DNA
extraction solution (Lucigen; QE09050). Colonies were heat lysed at
65�C for 20 min, 100�C for 10 min, and then cooled down. Five mi-
croliters of the lysed colony was used as a template for PCR amplifi-
cation using the forward and reverse primers listed above. Resulting
amplicons were run on a 2% agarose gel with 100 bp ladder. Bands
corresponding to 200 bp indicated the deletion of exon 2, while bands
corresponding to 600 bp indicate the wild-type exon.

Statistical analysis

All data are reported as means ± SEM. Statistical analyses were per-
formed using the Wilcoxon signed-rank test or one-way ANOVA
where applicable, using GraphPad Prism software, version 6
(GraphPad Software, USA).

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
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