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Abstract

Cellular therapies hold enormous potential for the cure of severe hematological and oncological disorders. The
forefront of innovative gene therapy approaches including therapeutic gene editing and hematopoietic stem
cell transplantation needs to be processed by good manufacturing practice to ensure safe application in patients.
In the present study, an effective transfection protocol for automated clinical-scale production of genetically mod-
ified hematopoietic stem and progenitor cells (HSPCs) using the CliniMACS Prodigy® system including the Clini-
MACS Electroporator (Miltenyi Biotec) was established. As a proof-of-concept, the enhancer of the BCLT1A gene,
clustered regularly interspaced short palindromic repeat (CRISPR) target in ongoing clinical trials for f-thalassemia
and sickle-cell disease treatment, was disrupted by the CRISPR-Cas9 system simulating a large-scale clinical scenario,
yielding 100 million HSPCs with high editing efficiency. In vitro erythroid differentiation and high-performance lig-
uid chromatography analyses corroborated fetal hemoglobin resurgence in edited samples, supporting the feasi-
bility of running the complete process of HSPC gene editing in an automated closed system.

Introduction

Gene editing approaches are currently used to develop
therapies for the treatment of severe hematological disor-
ders. Among other technologies, the clustered regularly
interspaced short palindromic repeat (CRISPR)-Cas9
system has proven to be one of the most versatile and
affordable technologies for gene therapy. Its applications
include disruption, addition, and correction of genes of
interest in a great variety of clinically relevant cells.'™
Recently, an important improvement in the health and
life quality of two patients treated by a CRISPR-based
gene therapy suffering from pf-thalassemia and sickle-
cell disease (SCD), respectively, was reported.” The strat-
egy consisted in targeting BCLIIA, a gene involved in
the negative regulation of fetal hemoglobin (HbF), to
promote the resurgence of HbF expression as previously

demonstrated in preclinical studies.®'* These results
encourage the expansion of CRISPR-based protocols
for the treatment of f-hemoglobinopathies and other
hematological disorders.

For the implementation of these therapies, it is com-
mon to perform genetic engineering of effector cells
ex vivo, before their infusion into the patient. In this con-
text, electroporation is a valuable option for the delivery
of the CRISPR-Cas9 components into the cells. The elec-
tric field exerted in the cellular membrane during the
electroporation process increases the permeability and
allows efficient transfer of the cargo into the cells.'""1?

The CliniMACS Prodigy system (Miltenyi Biotec) offers
fully automated cell culture and expansion in a closed, good
manufacturing practice (GMP)-compatible system. The
CliniMACS Electroporator was recently implemented into
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the platform design, enabling additional gene-editing proto-
cols using a single process within one closed tubing set. In
this publication, we propose an optimized transfection proto-
col for editing CD34" hematopoietic stem and progenitor
cells (HSPCs) at a clinical production scale that facilitates
translation to patient treatment.

Materials and Methods

Ethics statement

All leukapheresis samples were obtained following stan-
dard collection procedures in accordance with the guide-
lines of the certified collection centers (Cytocare).

HSPC isolation and culture

CD34" HSPCs were magnetically isolated from mobi-
lized leukapheresis products from healthy donors using
the CliniMACS Plus or CliniMACS Prodigy (Miltenyi
Biotec). The isolation was performed using the Clini-
MACS CD34" reagent (Miltenyi Biotec).

HSPCs were used freshly after isolation or were thawed
and recovered from frozen aliquots. They were cultured at
a concentration of 1x10° cells/mL in an HSC medium
1 day before electroporation at 37°C 5% CO, in 24-well
plates in the incubator (Heracell; Thermo Fisher) or the
CliniMACS Prodigy cell culture unit (Miltenyi Biotec).
The HSC medium consisted of HSC-Brew GMP Basal
Medium (Miltenyi Biotec) supplemented with 1% HSC-
Brew GMP Supplement (Miltenyi Biotec), 2% human
serum albumin (HSA) (Octapharma), MACS® GMP
Recombinant Human stem cell factor (SCF) (100ng/
mL), MACS® GMP Recombinant Human thrombopoietin
(TPO) (20ng/mL), and MACS® GMP Recombinant
Human FIt-3 ligand (100 ng/mL; Miltenyi Biotec).

Small-scale HSPC electroporation

CD34" cells were transfected in CliniMACS Electro-
poration Buffer (Miltenyi Biotec) at a concentration of
5x10° to 1.5% 10 cells/mL using the CliniMACS Prod-
igy electroporator with 1pug DsRed mRNA (in vitro
transcribed as previously described).® One hundred micro-
liters of cell suspension was electroporated in 0.2 cm elec-
trode distance Ingenio® electroporation cuvettes (Mirus
Bio LLC) using the test cuvette adapter (TCA) and the re-
spective software on the CliniMACS Prodigy. The used
electroporation parameters are indicated in the Results sec-
tion. For all experiments, two consecutive electroporation
pulses with defined voltage and time were applied. In ad-
dition, interrupted (burst) as well as bipolar pulses were
tested with 8 us burst duration. After electroporation,
cells were transferred to a 24-well plate for recovery in
HSC medium at 37°C or 32°C, 5% CO,.
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Upscale HPSC electroporation

The cuvette of the CliniMACS Prodigy EP-2 was manu-
ally filled with 600 uL of CD34" cells in the CliniMACS
Electroporation Buffer (Miltenyi Biotec) at a concentra-
tion of 5x 10° to 1.5x 107 cells/mL with either 30 ug/mL
eGFP mRNA (Miltenyi Biotec) or 150-900 pmol ribo-
nucleoprotein (RNP) complex per million cells. The cu-
vette was placed into the CliniMACS Electroporator
and cells were electroporated using the TCA software
on the CliniMACS Prodigy. Unless indicated otherwise,
the following electroporation parameters were used:

e Pulse 1 (high voltage): 600V 104 us burst/
bipolar—38 us burst duration.
e Pulse 2 (low voltage): 200 V 5000 us square.

After electroporation, the electroporated cell suspen-
sion was added to 6 mL of HSC medium and transferred
to a 24-well plate for overnight recovery culture at 37°C
or 32°C, 5% CO,.

Automated generation of edited CD34" HPSCs
(Prodigy sample)

CD34" HSPCs were manufactured using the T cell engi-
neering (TCE) process on the CliniMACS Prodigy plat-
form. Process parameters were defined by the operator
and saved in the activity matrix of the process. The sep-
arated CD34" HSPCs were connected to the tubing set,
after evaluation of the viability and total cell number.
The cells were automatically transferred to the CentriCult
Unit (CCU) of the CliniMACS Prodigy TS 520 (Miltenyi
Biotec) and cultivated using the same medium, tempera-
ture, and CO, concentration used for the small-scale ex-
periments. On day 1, CD34" cells were electroporated
using the CliniMACS Prodigy EP-2 tubing set on the
CliniMACS electroporator: cells were rebuffered in the
CliniMACS Electroporation Buffer (Miltenyi Biotec);
the RNP was transferred to the nucleic acid bag, and elec-
troporation was started using the optimized pulse previ-
ously described in the upscale electroporation.

After each electroporation cycle, the edited cells were
automatically transferred back to the cultivation chamber
and cultured in HSC medium for 24 h including shaking
(shaker type 2). On day 2, the cells were formulated
in NaCl supplemented with 0.5% HSA and cells were
harvested in the target cell bag. The final cell product
was directly used for functional analysis or frozen until
further use.

CRISPR-Cas9 transfection and analysis

To prove the efficacy of the electroporation settings,
a previously designed sgRNA targeting BCLIIA was
used (Table 1). Unless indicated otherwise, the sgRNA
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Table 1. Sequences of BCL11A gRNA and primers used in this
work

Sequence Ref.
BCL11A gRNA CTAACAGTTGCTTTTATCAC 8
BCL11A forward primer GTGTATGTGCTGATTGAGGGC

BCLI11A reverse primer GGACAGCCCGACAGATGAAA

and Cas9 V3 ribonucleoprotein (Integrated DNA Tech-
nologies) were incubated for 20 min at room temperature
at a 1:2 molar ratio, complexing 450 pmol of Cas9
and 900 pmol of sgRNA per million cells, respectively.
CD34" HSPCs were harvested 24 h postelectroporation
and DNA was isolated using the NucleoSpin Tissue kit
following the manufacturer’s instructions (Macherey-
Nagel). Polymerase chain reaction (PCR) amplification
targeting the region susceptible to CRISPR-Cas9 editing
was performed (primer sequences available in Table 1).
After corroboration in 1% agarose gel, samples were puri-
fied using the QIAquick PCR Purification Kit (Qiagen)
and Sanger sequenced (Eurofins Genomics).

The obtained results were analyzed and the InDel score
was quantified by the ICE online tool (Inference of
CRISPR Edits; Synthego). If applicable, Mann—Whitney
nonparametric tests were performed to assess the differ-
ence in editing efficiency.

Flow cytometry

Flow cytometric measurements to monitor the cell via-
bility, transfection efficiency, and phenotype of CD34"
HSPCs were performed on day 2 after transfection
using the MACSQuant analyzer 10 (Miltenyi Biotec).
To determine cell viability, 7-aminoactinomycin (Milte-
nyi Biotec) or propidium iodide (Miltenyi Biotec) was
added. The transfection efficiency was determined by
measuring the mean fluorescent intensity of the DsRed*
control cells. HSPCs were characterized by staining with
two panels comprising anti-CD34-PE/Vio770 (REA1164),
anti-CD133/1-APC (AC133), anti-CD45-VioBlue (5B1),
or anti-CD34-PE/Vio770 (REA1164), anti-CD45RA-
APC/Vio770 (T6D11), CD90-APC (REA897).

During erythroid differentiation, cells were analyzed by
staining with three different panels: Panel I: CD34-VioBlue
(REA1164) and CD36-APC (platelet glycoprotein 4,
REA760). Panel II: CD235a-VioBlue (glycophorin A,
REAT175) and CD71-APC (transferrin receptor, REA902).
Panel III: CD233-APC (Band3, REA368) and CD49d-
FITC (a-4 integrin, MY 18-24A9). All antibodies were
obtained from Miltenyi Biotec. Data were analyzed
using MACSQuantify software (Miltenyi Biotec).

In addition, for the automated process, cell recovery
was determined for the CD34" HPSCs by quantification

of viable cells on day 2 after electroporation. Where
appropriate, nonparametric Mann—Whitney tests were
performed to assess the difference in cell viability.

Colony-forming unit assay

The clonal ability of the edited and nonedited CD34"
HSPCs was determined by performing a colony-forming
unit (CFU) assay. Five hundred live cells resuspended in
300 uL. of IMDM were added to 3 mL. of StemMACS™
HSC-CFU complete with erythropoietin, human medium
(Miltenyi Biotec) and equally distributed among two
35 mm wells (six-well plates). The plates were incubated
for 14 days at 37°C and the resulting colonies were
counted using a light microscope.

HSPC differentiation to the erythroid lineage
Erythroid in vitro differentiation of the transfected
HSPCs was performed according to established pro-
tocols.3 1314 Briefly, CD34" HSPCs were cultured at a
starting concentration of 10%/mL in StemMACS HSC
expansion medium supplemented with 2mM of
L-glutamine, 100ng/mL of SCF (Miltenyi Biotec),
10ng/mL of IL-3 (Miltenyi Biotec), 0.5 U/mL of human
EPO (eBiosciences), 200 ug/mL of holo transferrin
(Sigma Aldrich), and 100U/mL of Pen/Strep for
7 days. For the second phase, the cells were seeded at a
starting concentration of 10°/mL in StemMACS HSC
expansion medium supplemented as above, but with
3U/mL of EPO and cultured for another 4 days. Cells
were finally cultured at a starting concentration of 10°/
mL as in phase 1, but with 3 U/mL of EPO and 1 mg/
mL of holo transferrin until day 21. Erythroid differenti-
ation and maturation were monitored by flow cytometry
on days 7, 14, and 21.

HbF quantification

For high-performance liquid chromatography (HPLC),
cell pellets after 21 days of erythroid differentiation
were frozen for further analysis. The frozen pellets were
treated and processed as previously described.® The anal-
ysis was performed on a LaChrom Elite HPLC-system
(Merck-Hitachi) using a gradient elution mode with a
bis-tris buffer system (buffer A: bis-tris 20mM, NH-
acetate 13mM, KCN 1mM, and buffer B: bis-tris
20 mM, Na-acetate 38 mM, KCN 1 mM, NaCl 200 mM).
Hemoglobin proteins were detected by absorbance mea-
surements at 415 nm. Intracellular HbF was also deter-
mined on day 21 of erythroid differentiation utilizing
intracellular anti-HbF-FITC staining according to the
intracellular flow cytometry staining protocol (Miltenyi
Biotec).



Analysis of thawed material

Cell pellets from the resulting sample of automated large-
scale gene editing and its corresponding controls were
resuspended in a freezing medium composed of 90%
fetal bovine serum and 10% dimethyl sulfoxide (DMSO)
as a cryoprotectant. The cryovials were stored at —80°C
in a liquid nitrogen tank for 6 months. Then, samples
were gently thawed in a warm water bath (37°C) and
were subsequently washed with StemMACS HSC
expansion medium (Miltenyi Biotec) without supple-
ments to remove DMSO. Cells were counted and seeded
at 1x10° cells/mL of culture using a prewarmed HSC
maintenance medium (StemMACS HSC expansion
medium supplemented with 100ng of SCF, 20ng of
TPO, and 100 ng of Flt-3 ligand per milliliter of medium;
Miltenyi Biotec) in a 24-well plate. The plate was placed
in the incubator (37°C 5% CO,) and 1 million cells’ ali-
quots were taken at different time points for viability and
genetic analyses (0, 1, 2, 4, and 24 h).

Results

Adaption of electroporation parameters

for large-scale processing

A prescreening was performed to investigate the effect
of different electroporation pulses on the transfection
efficiency and viability of HSPCs. Small-scale electropo-
rations using the TCA were performed to transfect DsRed
mRNA as a reporter of transfection efficiency. Three dif-
ferent electroporation modes were compared: square,
burst, and bipolar burst (flip). The burst pulse com-
prises a series of short 8 us pulses. The pulse duration

URENA-BAILEN ET AL.

is given as the sum of the individual bursts. In bipolar
mode, the field directions change after each burst.

The direct comparison using 600 V and 104 us for the first
pulse and 250V for 2 ms for the second pulse indicates the
highest transfection rate of nearly 80% for the square pulse,
closely followed by the flip and the burst mode. Increasing
the voltage of the first pulse decreased the viability of the
cells for square pulses, whereas the bipolar mode gave com-
parable viabilities even when applying 800V (Fig. 1A).
Increasing the time for the second pulse enhanced the trans-
fection efficiency. Higher second pulse voltages up to 300 V
also improved the efficiency, but at the cost of lower viabil-
ity. However, 400V combined with a shorter duration of
0.75 ms is also a reasonable combination (Fig. 1A).

To mimic a clinical treatment scenario, the electropo-
ration cuvette included in the CliniMACS Prodigy® EP-2
tubing set was manually filled with magnetically isolated
CD34" HSPCs (94.2% +2% viable CD34" HSPCs among
all viable white blood cells [WBCs]) to test the upscale of
the electroporation conditions. In this context, square and
flip settings with 600V as the first pulse were selected to
transfect HSPCs with BCL11A RNP as they proved to be
highly efficient in the small-scale optimization (Fig. 1A).
However, the observed editing performance was moderate
(48-54%, Fig. 1B), indicating that further optimization
was needed to achieve higher InDel rates. To proceed
with the upscale screening of the most efficient electropora-
tion settings, the flip protocol was set as it previously led to
the highest BCL11A editing (54% InDel rate, Fig. 1B). For
the first pulse, 600 V 104 us burst/bipolar—8 us burst, was
applied.

FIG. 1.

>

Study and optimization of electroporation conditions using CliniMACS Prodigy electroporator. (A) Small-

scale pulse optimization using DsRed mRNA to determine the transfection efficiency (gray) and viability (white),
n=2. (B) Upscale BCL11A transfection using two of the most suitable electroporation settings in small-scale
optimization led to moderate InDel efficiencies, n=1. (C) Upscale comparison of different conditions to further
optimize transfection efficiency. BCL11A editing is provided in InDel rate after Sanger sequencing of the PCR
product (gray). Viability was determined by flow cytometry 2 days post-transfection (white), n=2. Nonsignificant
differences were observed for editing efficiencies in Mann-Whitney tests (p > 0.05). (D) Influence of different RNP
concentrations (2250 pmol/mL, light gray; 4500 pmol/mL, dark gray; 6750 pmol/mL, black) with increasing cell
concentrations (5x 10° to 1.5x 107 cells/mL) on the BCL11A editing rate, n=1. (E) Same data as in (D), but
displayed as editing rate in relation to RNP concentration per 10° cells, n=1. (F) Effect of the electroporation
volume in CliniMACS Prodigy EP-2 cuvette on the editing performance (gray) and viability (white), n=2.
Nonsignificant differences were observed for editing efficiencies and viabilities in Mann-Whitney tests (p>0.05).
(G) RNP stability controlling freshly prepared RNP (control) versus RNP recovered after a process run and storage
time of 60 min, n=1. (H) Effect of the RNP incubation time on the editing rate (light gray) and viability (white),
n=2. Nonsignificant differences were observed for editing efficiencies and viabilities in Mann-Whitney tests
(p>0.05). (I) Average editing rate for thawed HSPCs from different donors, n=4. (J) Comparison of BCL11A
transfection efficiency after cultivation in the CliniMACS Prodigy system versus a classical cell incubator, n=1.
HSPCs, hematopoietic stem and progenitor cells; PCR, polymerase chain reaction; RNP, ribonucleoprotein.
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To promote suitable viability, it was decided to de-
crease the voltage of the second pulse to 200V since
higher voltages, such as 300 V, have been shown to re-
duce viability (Fig. 1A). In addition, it was considered
to increase the duration of the second pulse to promote
efficient gene editing. By increasing the length of the
second 200V pulse from 3.5 to 5Sms, the efficiency of
BCLI1IA editing was boosted (InDel rate from 65% *
15.6% to 75% t4.3%, Fig. 1C). Further improvement
was achieved by postincubation of the electroporated
cells at 32°C (InDel score 82%, Fig. 1C). This ‘“‘cold
shock” has proven to increase InDels derived from non-
homologous end joining repair.'> Further increase of
the second pulse to 10 ms drastically harmed the viability
of the samples (from ~80% to 50%, Fig. 1C).

BCL11A editing is effective in a wide range of RNP
and cell concentrations

Different RNP and cellular concentrations were tested
to identify the most suitable composition during electro-
poration (Fig. 1D, E). Cells in the electroporation buffer
were mixed with RNP and manually filled into the
cuvette of the CliniMACS Prodigy EP-2 tubing set to
simulate upscale conditions. The editing rate appeared
robust within the range of tested RNP and cell concen-
trations with a slight tendency to lower editing rates
for the low cell concentration of 5x10° cells/mL
(Fig. 1D). Considering the RNP-to-cell ratio, as depicted
in Figure 1E, comparable InDel rates of 78-85% were
observed for 150-900 pmol of RNP per million cells.
For the high RNP-to-cell ratio (1350 pmol per million
cells), respectively, a cell concentration of 5x 10 cells/
mL combined with a high RNP concentration of
6750 pmol/mL, the editing rate dropped (InDel rate
68%, Fig. 1E).

A cell concentration of 1x10” cells/mL and an RNP
concentration of 2250-6750pmol/mL (225-675 pmol
per million cells) during electroporation were depicted
as the most effective condition for further experiments
(Fig. 1D, E).

The selected transfection conditions work

for different electroporation volumes

The typical filling volume during automated large-scale
electroporation in the CliniMACS Prodigy electroporator
is 600-650 uL. To investigate the potential impact of dif-
ferent electroporation volumes, a range of 200-800 uL.
was tested. Independent of the volume, the editing effi-
ciency was consistent between all tested samples (InDel
rate 64-66%, Fig. 1F).
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CRISPR RNP complex stability is not a limiting factor
in the editing process
The CliniMACS Prodigy electroporator sequentially
electroporates 600-650 uL. of cells per cycle with a
cycle time of ~30s. The duration of the electroporation
process will depend on the total volume to be processed.
More specifically, we used 25 mL of cell suspension for
the large-scale electroporation with an approximate
duration of 40 min. We considered that the RNP might
be degraded over time. To investigate the effect of stor-
age at a defined room temperature (22°C), the remaining
RNP complex of a large-scale electroporation was used
in a small-scale electroporation using the TCA after a
storage time of 1h. The InDel rate was comparable
with freshly prepared RNP (85% InDel rate, Fig. 1G).
In a different experiment, the RNP complex was addi-
tionally incubated at room temperature (22°C) for 5 and
30 min, showing similar results in the editing perfor-
mance (InDel rate 65.5% £0.5% and 64% 2%, respec-
tively, Fig. 1H). Within the tested time scale of up to
1 h, storage of the RNP complex has no impact on the
editing efficiency.

Comparable editing rates can be reached

for different donors

Cells from different donors can affect the experimental
outcome. To assess the effect of individual variability
of cellular fitness along the process, CD34" HSPCs
from four different donors were thawed and processed.
Although slightly different efficiencies can be observed,
the editing was consistent in all samples (BCLIIA
InDel rate: 60x7.3, Fig. 11).

Culture conditions can be scaled up without
impacting the cell product

The post-transfection recovery is crucial for gene editing
and cell survival. The manual cultivation in the incubator
was compared with the cultivation in the CCU of the
CliniMACS Prodigy system. The editing performance
was equivalent, indicating optimal conditions of the auto-
mated culture for transfection efficiency (69% InDel rate,
Fig. 1J).

BCL11A knockout in CD34" HSPCs is efficient

in a large-scale scenario with clinically relevant cell
numbers

After the identification of the most suitable electropo-
ration parameters and conditions for efficient BCLIIA
editing, a large-scale run was performed. CD34" HSPCs
were isolated from a mobilized leukapheresis using the
CliniMACS CD34 enrichment. 2.1x10* CD34" HSPCs
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(94.7% viable CD34" HSPCs among all viable WBCs)
were further processed using the TCE process on the
CliniMACS Prodigy. On day 2, 1.1 x 10® cells were har-
vested (52% recovery, Fig. 2A) and further analyzed. The
editing efficiency of the upscale control and large-scale
samples was 80-86% and 71-74%, respectively, with a
viability of 76.9% and 80.8%, which was similar to
85% viable cells observed for nontransfected control
(NTC) (Fig. 2A).

The differentiation potential of CD34" HSPCs is not
compromised after BCL11A knockout and HbF
resurgence is independent of the production scale
CFU assays were conducted to determine the prolifera-
tion and differentiation potential of the electroporated
cells and therefore assess whether the cells remained
functional. Cells were seeded immediately after separa-
tion (baseline, day 0) and compared with the samples
with cells after electroporation and cultivation in the
CliniMACS Prodigy on day 2 (Fig. 2B). The cells devel-
oped into the typical myeloid colonies exhibiting very
similar total colony counts, as well as distributions of col-
ony types among the samples.

To corroborate that the differentiation potential of the
edited HSPCs is not compromised and to investigate the
induced expression of HbF in the edited cells, an in vitro
erythroid differentiation protocol was performed. The
expression of relevant differentiation markers was
assessed during the differentiation on days 7, 14, and
21 (Fig. 2C). Whereas the purity of CD34" cells was
typically more than 95% after separation and 2 days of
culture, the expression decreased during the
differentiation below the detection limit at day 14

(Fig. 2C and Supplementary Fig. S1A). Along the dif-
ferentiation, CD36 (an early marker for erythroid differ-
entiation)'® increased from day 7 to 14 and decreased
until day 21. CD233 and CD235a erythrocyte markers'’
increased their positive population from below 20%
and 5% to roughly 90% and 75% on day 21 as described
during erythropoiesis (Fig. 2C and Supplementary
Fig. S1B, C).

High expression of CD49d was reported on day 14, but
it dropped below 5% on day 21 as expected in the late
stage of erythroid differentiation (Fig. 2C and Supple-
mentary Fig. S1C)."* More than 80% of the cells
expressed CD71 on day 7, maintaining high expression
levels until day 21. This observation correlates with the
development of proerythroblasts to basophilic and poly-
chromatophilic erythroblasts and finally late-stage ortho-
chromatic erythroblasts'’ (Fig. 2C and Supplementary
Fig. S1). Both upscale and large-scale samples repor-
ted similar receptor expression levels to those observed
in the NTC. CD34~, CD235a*, CD71" cells indicate
hemoglobin-expressing, mature differentiated erythro-
cytes as required for the analysis of HbF expression.18

Concerning HbF resurgence after BCLIIA disrup-
tion, flow cytometry and HPLC analyses revealed an
upregulation of HbF in upscale and large-scale samples
(Fig. 2D-F). The HbF staining and flow cytometry analy-
ses indicate HbF induction in the differentiation control
sample, increasing from 16% on day 7 to 64% and 67%
on days 14 and 21, respectively (Fig. 2D). However,
the rate of HbF expressing cells appeared higher for the
edited cells with 19%, 97%, and 84% for the upscale con-
trol sample and 21%, 83%, and 83% for the large-scale
sample processed on the CliniMACS Prodigy (Fig. 2D).

FIG. 2.

>

Large-scale BCL11A editing of HSPCs using CliniMACS Prodigy system with electroporator compared with

NTC, NTCe, and upscale controls using the CliniMACS Prodigy EP-2 cuvette. (A) BCLT171A editing at the genomic
level (n=1 with technical replicates), cellular viability, and recovery at day 2 after electroporation (n=1). (B) CFU
assay of large-scale samples compared with upscale samples. Total colonies counted for 250 seeded HSPCs (left)
and proportion of different colonies, n=1 with technical replicates. (C) Erythroid differentiation staining on days 7,
14, and 21. Positive rate by flow cytometry for CD34, CD36, CD235a, CD71, CD233, and CD49d, mock
electroporated cells (NTCe) (dark gray), upscale control electroporation (light gray), and cells electroporated by the
CliniMACS Prodigy process (white), n=1. (D) HbF levels of electroporated samples measured by flow cytometry on
days 7, 14, and 21. (E) HbF/(HbF+HbA,) ratio as determined by HPLC analysis of normal control cells, HbF
expressing control cells, and processed cells after additional erythroid differentiation: mock electroporated cells
(NTCe), upscale control electroporated cells, and cells electroporated by the CliniMACS Prodigy process, n=1. (F)
HPLC chromatograms of HbF expressing control cells and electroporated samples after in vitro erythroid
differentiation. BFU-E, burst-forming unit-erythroid; CFU, colony-forming unit; CFU-G, CFU-granulocyte; CFU-GEMM,
CFU-granulocyte erythrocyte macrophage megakaryocyte; CFU-GM, CFU-granulocyte macrophage; CFU-M, CFU-
macrophage; HbF, fetal hemoglobin; HPLC, high-performance liquid chromatography; NTC, nontransfected controls;

NTCe, electroporated nontransfected controls.
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The HPLC analysis corroborates the cytometry data
with an HbF to HbF plus HbA ratio of 20.4% for the elec-
troporated but nontransduced control, 69.3% for the
upscale, and 63.8% for the large-scale electroporation
sample (Fig. 2E, F). The HbF expression, besides the
spontaneous or differentiation-induced HbF expression
in the control sample, resembles the editing rate on the
genomic level.

Freeze and thawing of edited HSPCs decreased

the BCL11A knockout population

After the large-scale run, samples were frozen and stored
at —80°C for 6 months to analyze the InDel score and
evaluate the recovery of the cells after thawing. Unex-
pectedly, there was a reduction in BCLIIA editing for
both upscale control and large-scale electroporation sam-
ples (from 86% to 67% and 74% to 54%, respectively,
Fig. 3A). Genetic analyses were performed with the
large-scale sample at different time points after thawing
to assess this observation, revealing a similar InDel
score (54-59% at 0—4 h, Fig. 3B) that was moderately in-
creased after 24h (66% InDels, Fig. 3B). The thawed
cells showed high viability (82-86%, Fig. 3B) and con-
sistent cellular numbers during the first few hours after
thawing (9.4 x 10°~1.12x 10° cells/mL at 04 h, Fig. 3C),
whereas a decline was observed after 24h (7.6x10°
cells/mL, Fig. 3C).

Discussion

Hemoglobinopathies are among the most common
human genetic disorders worldwide.'® Besides hemato-
poietic stem cell transplantation (HSCT), there has been

no curative transfusion-dependent f-thalassemia (TDT)
and SCD. However, gene therapies either using viral vec-
tors or genome editing strategies could overcome this
shortcoming. In this context, the first gene therapy
based on ex vivo transduced HPSCs to integrate a modi-
fied form of the f-globin gene has just recently been ap-
proved by the FDA.*°

We investigated different gene editing approaches and
considered BCLIIA a promising target.® In a proof-of-
principle investigation, editing of the BCLIIA locus has
shown clinical benefit for f-thalassemia (TDT) and
SCD patients.” As for other individualized cell therapies,
safe and cost-efficient production is crucial for the future
availability of these treatments. Therefore, in parallel to
clinical developments, we were aiming to improve tradi-
tional GMP gene editing approaches and implement the
whole cell engineering protocol in an automated closed
system. Predefined electroporation pulses are often used
and the respective parameters such as voltage or pulse
duration cannot be adapted. As shown in this work, opti-
mizing the used conditions enables to balance transfec-
tion efficiency and cell survival.

Traditionally, different devices are used, for exam-
ple, for cell concentration, culture, and electroporation.
Accordingly, the respective instruments need to be oper-
ated individually and cells have to be transferred in
between. Reducing manual and open steps is important
to minimize risks during production. In this way, the
impact of different operators is also diminished and
reproducibility can be improved.*!

Apart from that, scalability will be a prerequisite to
serving patients, especially for prevalent diseases such

Cell number after thawing
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FIG. 3. Effect of freezing/thawing cycle in gene editing and viability. (A) BCL11A editing efficiency comparison of
freshly edited HSPCs versus thawed edited HSPCs after freezing storage at —80°C for 6 months, n=1. (B) Time
course analysis of BCLT1A editing efficiency and cellular viability after thawing for large-scale Prodigy sample.

(C) Time course analysis of cell number after thawing for large-scale Prodigy sample.
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as hemoglobinopathies. As discussed during the annual
ISCT meeting, the availability of trained staff can be a
challenge for sophisticated cell products.”* Simplified
procedures and automation will relieve some of the
tasks, allowing to focus on monitoring the production
processes. As personnel costs have been addressed for
up to 47% of the total costs,” lowering the workload
is expected to also substantially contribute to cost-
effectiveness.

Another considerable cost factor is the necessary clean
room facilities. In this study, using a closed system for
the production of cellular therapies could overcome the
limitation of a single-cell product manufactured per
clean room.> Thereby, the fixed costs for the facility
could be reduced by parallel production. Considering
reliable production procedures and cost-effectiveness is
not only relevant for late clinical trials or commercial
manufacturing, but can be critical already during early
developments.

With our work, we tackled some challenges related
to different scales and automations. To achieve reason-
able throughput, the electroporation volume is increased
compared with the manual electroporation systems. The
raised conductivity bears the risks of impaired trans-
fection efficiency. To address this issue, we adapted the
electroporation pulse (Fig. 1C) and confirmed the repro-
ducible performance for increasing electroporation vol-
umes (Fig. 1F).

The electroporation process on the CliniMACS Prod-
igy system performs cyclic electroporations until all
cells are processed. The volume of cells that can be
processed during electroporation (25-200 mL) with a rec-
ommended concentration of up to 5 x 10 cells/mL repre-
sents a feasible scale for clinical applications. The system
has been designed to store the material to be electropo-
rated, that is, the RNP, in a separate bag. Thereby, the
risk of RNA degradation is minimized as the two frac-
tions are mixed for each cycle just before the electropo-
ration. However, deviations in the mixing ratio could
impair the editing efficiency. We have shown that the
CRISPR editing efficiency is sustained in a wide range
of RNP and cellular concentrations (Fig. 1D, E).

Another concern had been the storage of the RNP dur-
ing the processing time. Material loss, for example, by
nonspecific binding to the storage bag or dissociation of
the RNP complex could lead to a decreased efficiency
over time. The editing efficiency was shown to be robust
after the common duration of clinical-scale electropora-
tion (storage time of 1h, Fig. 1G).

Besides the electroporation itself, also the culture con-
ditions might influence the results. In a direct compari-
son, we observed no differences between the automated
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process in the CentriCult Unit (CCU) of the CliniMACS
Prodigy and cells cultured under standard incubation con-
ditions in an incubator (Fig. 1J).

To assess the effect of individual variability of cellu-
lar fitness along the process, frozen HSPCs from four
different healthy donors were tested. The editing efficien-
cies were very similar (Fig. 1I). Moderate editing could
be a result of the use of thawed cellular material, which
is also observable for the thawed cell samples used in
other experiments reported in this publication (Fig. 1F,
H, J) and is consistent with previous research conducted
in the immunotherapy field.®

After the optimization screenings, we performed a
clinical-scale production run. For this purpose, purified
HSPCs (94.7% viable CD34" HSPCs among all viable
WBCs) were processed in the CliniMACS Prodigy with
the electroporator system using the CliniMACS Prodigy
TS 520 and CliniMACS Prodigy EP-2 set. Posterior
genomic studies revealed high disruption in BCLIIA
enhancer (Fig. 2A). Normal HSPC functionality and
increased HbF levels were observed after CRISPR treat-
ment, thereby proving the success of the strategy and
feasibility of the overall process (Fig. 2B-F). With a
yield of 52% (Fig. 2A), a clinically relevant cell number
of about 1x10% cells were harvested from the isolated
CD34" cells.

According to the American Society for Blood and
Marrow Transplant (ASBMT), the minimum recom-
mended stem cell dose for autologous HSCT is 2x 10°
CD34" cells/kg.24 Accordingly, the cell product of
1x 10® CD34" cells would be sufficient for the treatment
of a 50kg patient. Taking the recommended stem cell
collection target of 3—5x 10° CD34" cells per kilogram
into account, we demonstrated the feasibility of the pro-
cess for future clinical use.>* As in our experiments, the
cell number is typically limited by mobilization of
HSPCs and the apheresis. Due to the additional manipu-
lation steps for cell engineering and the related cell los-
ses, mobilization, apheresis, and the production process
need to be well balanced with the potential cell doses.
The clinical-scale run had been intended as proof-of-
principle experiment and further technical runs will be
needed to confirm the reproducibility of the performance
and suitability for routine use.

Finally, one of the most critical processes in HSPC
gene therapy lies in the logistics from the manufacturing
to the clinical site and the maintenance of the so-called
cryochain.25 As common clinical procedures involve
gene editing, expansion, and freezing of the cellular ma-
terial in specialized centers for subsequent transportation,
thawing, and administration to the patient in the clinic,7
the large-scale processed sample was frozen for 6 months



AUTOMATED CRISPR EDITING OF HSPCs FOR GENE THERAPY 15

and thawed for genetic and viability analyses up to 24 h.
While cell numbers were properly maintained with high
viability during the first hours, it was observed a reduc-
tion in the BCL1 1A knockout population right after thaw-
ing in comparison with freshly edited cells (Fig. 3).

We hypothesize that this result could be explained by
the superior cellular resilience of unedited cells compared
with the CRISPR-edited ones against freezing stress.
More runs would be needed to assess this potential neg-
ative effect derived from freezing and thawing cycles
in clinical-scale gene editing efficiency. In addition, the
freezing and thawing process was performed with con-
ventional laboratory protocols, and thereby a different
outcome can be expected following clinical standard
procedures. Nonetheless, the use of thawed material has
been associated with higher risks of cell loss during ther-
apy development and graft failure.”>** On-site auto-
mated production by CliniMACS Prodigy can facilitate
the usage of fresh material, suitably bypassing the chal-
lenging cryochain and favoring timely treatment avail-
ability. Still, it is important to remark that the use of
fresh material can interfere with necessary quality con-
trols and gene editing assessments as it would require a
much faster application to the patient than cryopreserved
cells.

As a consequence, the use of fresh cells for human
therapy is mainly suspended in Europe since 2007 due
to the adoption of the European Union Tissues and
Cells Directive (EUTCD).?® The routine use of fresh
material, despite being highly desirable, still needs the
optimization of quality assessments and GMP-compliant
protocols to make it feasible in the clinic.

Conclusions

The large-scale run results indicate that efficient editing
could be obtained at the clinical scale using CRISPR-
Cas9 transfection in the CliniMACS Prodigy system
with electroporator. Gene-edited HSPC generation
and the subsequent cultivation for the treatment of
f-hemoglobinopathies can be performed in a closed
and automated system, enabling feasible on-site produc-
tion that could potentially translate into clinical trials
similar to NCT03655678 and NCT03745287. In addi-
tion, the generated protocol can be transferred to other
diseases whose treatment is based on HSCT. In this
way, we hope to contribute to accelerating cellular gene
therapy accessibility in the near future and support the
development of novel treatments for patient care.
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