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Abstract

Inherited retinal degeneration is a term used to describe heritable disorders that result from the death of light sensing photoreceptor cells.
Although we and others believe that it will be possible to use gene therapy to halt disease progression early in its course, photoreceptor cell
replacement will likely be required for patients who have already lost their sight. While advances in autologous photoreceptor cell manufacturing
have been encouraging, development of technologies capable of efficiently delivering genome editing reagents to stem cells using current good
manufacturing practices (cGMP) are needed. Gene editing reagents were delivered to induced pluripotent stem cells (iPSCs) using a Zephyr
microfluidic transfection platform (CellFE). CRISPR-mediated cutting was quantified using an endonuclease assay. CRISPR correction was
confirmed via digital PCR and Sanger sequencing. The resulting corrected cells were also karyotyped and differentiated into retinal organoids.
We describe use of a novel microfluidic transfection platform to correct, via CRISPR-mediated homology-dependent repair (HDR), a disease-
causing NR2E3 mutation in patient-derived iPSCs using cGMP compatible reagents and approaches. We show that the resulting cell lines have
a corrected genotype, exhibit no off-target cutting, retain pluripotency and a normal karyotype and can be differentiated into retinal tissue suit-
able for transplantation. The ability to codeliver CRISPR/Cas9 and HDR templates to patient-derived iPSCs without using proprietary transfection
reagents will streamline manufacturing protocols, increase the safety of resulting cell therapies, and greatly reduce the regulatory burden of
clinical trials.
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Significance Statement

Photoreceptor cell replacement will likely be required for patients who have already lost their sight due to inherited retinal degeneration.
We describe use of a novel microfluidic transfection platform to correct, via CRISPR-mediated homology dependent repair, a disease-
causing NR2E3 mutation in patient-derived induced pluripotent stem cells using reagents and approaches compatible with current good
manufacturing practices. The ability to deliver genome editing reagents to patient-derived induced pluripotent stem cells without using
proprietary transfection reagents will streamline manufacturing protocols and increase the safety of resulting cell therapies.

Introduction

Inherited retinal degeneration is a blanket term used to de-
scribe a group of heritable disorders that result from death of
retinal photoreceptor cells and irreversible blindness. While it
is theorized that gene therapy could halt disease progression if
performed early in disease course, this approach is unlikely to be
effective for patients who have already lost most of their vision
due to widespread photoreceptor cell death. In an attempt to de-
velop treatments for these patients, we and others have devised
pipelines for the manufacture of patient-derived photoreceptor
cells intended for autologous cell replacement.!'* While compli-
cated in practice, the general approach can be described simply.
First,somatic cells are collected from a patient and reprogrammed
to induced pluripotent stem cells (iPSCs) via forced expression of
several key transcription factors (eg, OCT4, SOX2, KLF4, and
C-MYC, commonly referred to as the Yamanaka factors).!"!?
While the resulting iPSCs could at this point be differentiated
into patient-derived photoreceptor cells, they would still contain
the mutation that initially caused the patient’s disease. Therefore,
before differentiation, gene-modifying macromolecules would
ideally be delivered to the iPSCs to correct the patient’s disease-
causing genetic variants. Genome editing of cultured cells
has been achieved using a variety of different approaches (eg,
CRISPR, zinc finger nucleases, and TALENS), all of which re-
quire technology to facilitate their delivery to the cell nucleus.!32
After the patient’s disease causing mutation(s) are corrected, the
resulting iPSCs can be differentiated into photoreceptor cells for
autologous transplantation.!02!43

To be suitable for the correction of mutations in iPSCs whose
progeny are destined for transplant, transfection technologies
must be compatible with current good manufacturing
practices (cGMP) and safe for use in human subjects. To
be ¢cGMP compatible, all reagents must be well defined and
preferably xenofree. Furthermore, the transfection approach
should be easily adapted to automated cell manufacturing
systems, give high cell survival, and enable high-volume pro-
duction. Current CRISPR technologies being considered for
therapeutic genome editing work in 2 steps. First, small guide
RNAs and a nuclease are used to induce a double-stranded
DNA break at a prescribed location within the cell’s genome
(typically within proximity to the patient’s disease-causing
mutation). After inducing this break, the cell’s own DNA re-
pair machinery will attempt to repair the damage via either
non-homologous end joining (NHE]), which is often impre-
cise, or the more accurate homology directed repair (HDR).
By co-delivering wild-type sequence spanning the patient’s
mutation as a template, HDR can result in precise correction
of the disease causing mutation in the cell’s genome.*#¢

Several technologies such as electroporation, lipofection,
and viral transduction have been commercialized for delivering
macromolecules to cells. Viral cargo size limitations preclude
the use of clinically relevant viruses such as AAV for delivery
of genome editing reagents and larger DNA repair templates.
While lipofection and electroporation have been used by

our group and others to successfully correct disease-causing
mutations in patient iPSCs,'>'>* the reagents used are both
proprietary and not well defined, therefore poorly compatible
with cGMP. Recently, our group demonstrated a novel trans-
fection technology that uses mechanical perturbations to in-
duce convective delivery of large macromolecules to cells.*#8
As this technique does not require the use of proprietary
chemical reagents, it is well suited to clinical production (ie,
iPSCs can be transfected directly in E8 maintenance media, for
which clinically compatible CTS versions with accompanying
FDA drug master files exist). In this work, we demonstrate the
use of this technology to deliver CRISPR reagents and induce
HDR-mediated mono- and bi-allelic correction of disease-
causing NR2E3 mutations in patient-derived iPSCs. Resulting
cell lines were found to be pluripotent, have a normal kary-
otype, and retain the ability to generate high-quality retinal
organoids containing transplantable retinal progenitor cells
from which cGMP-compliant cell therapies can be produced.

Materials and Methods

Patient-derived iPSCs

This study was approved by the Institutional Review Board
of the University of lowa (project approval #200202022) and
adhered to the tenets set forth in the Declaration of Helsinki.
Patient iPSCs were generated from an individual with mo-
lecularly confirmed enhanced S cone syndrome (ESCS) as
described previously.!'*?!

Delivery of NR2E3 Cas9 RNP

Ribonucleoprotein (RNP) complex was formed by com-
bining 15 pg/mL single guide RNA (sgRNA) (IDT, Coralville,
[A; TGCTGCTGTCTCCGCACACG) and 25 pg/mL HiFi
cas9 nuclease V3 (IDT; Cat#1081060) for 15 minutes at
room temperature. Patient iPSCs were passaged as single
cells using TrypLE and a 40-pm cell strainer. RNPs were
added to iPSCs (1 x 10° cells/mL) in normal cell growth
media (Essential 8 (E8); Thermo Fisher Scientific, Waltham,
MA) and 0.5 mL was added to each inlet of the transfec-
tion device. Different device gap sizes (ie, 7.2, 9, and 10.4
um, each of which are commercially available) and inlet
pressures (50 and 90 PSI) were tested. Cleavage was assessed
via a T7 endonuclease 1 (T7E1) assay using NR2E3-
specific primers (F2: GCGTGGGTTCGTTCAAATG; R2:
TCCAGCTTAGCACAGGTTTC) as described previously.!#*
Densitometry was performed using Image].

Homology-Directed Repair (HDR) in NR2E3 Patient-
Specific IPSCs

An HDR construct containing a puromycin resistance cassette
was synthesized by GenScript as described previously.'* Use
of recombinant DNA was approved by the University of lowa
Institutional Biosafety Committee, rDNA #220122. All work
with rDNA were performed in accordance with the National
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Institutes of Health guidelines. Transfection was done as
above using the device with a 10.4-pm gap size (CellFE) at 50
or 90 PSI with the addition of 40-80 pg/mL of plasmid HDR
construct. Puromycin selection was performed, and surviving
colonies (which are not necessarily monoclonal) were picked
and subjected to digital PCR to identify mono- vs biallelic-
HDR. Digital PCR results were sequence confirmed using
Sanger sequencing and off-target editing was analyzed as
described previously.'’

Digital PCR

Custom probe-based assays were designed against wild type or
the ¢.119-2A>C mutation by Integrated DNA Technologies.
Several locked nucleic acids (indicated with “+”) were incor-
porated into the probes: WT (CC+CT+C+A+GGCG) and mu-
tant (CCCT+C+C+GGCG). Digital PCR was performed using
NR2E2-specific primers (F2: GCGTGGGTTCGTTCAAATG;
R2: TCCAGCTTAGCACAGGTTTC) and the Applied
Biosystems 3D PCR platform (ThermoFisher) as described
previously.*’

Karyotype

iPSCs were karyotyped at the Pediatric Cytogenetics Laboratory
at the University of Iowa Hospitals and Clinics. Briefly, iPSCs
were arrested in the metaphase of cell division using colcemid
and chromosomes were stained by the G-banding method.
Chromosome number was determined by microscopic analysis
and these cells were examined for the presence or absence of de-
tectable structural rearrangements. Karyotypes were prepared
from computer assisted digital images of these metaphases.

1039

Retinal Differentiation

Retinal differentiation was performed as described previously
with some modifications.'*** Briefly, iPSCs were cultured on
Laminin-521-coated plates in E8 medium. Embryoid bodies
(EBs) were lifted with ReLeSR and transitioned from E8 to
neural induction medium (NIM-DMEM/F12 (1:1), 1% N2
supplement, 1% non-essential amino acids, 1% Glutamax,
2 pg/mL heparin (Sigma), and Primocin (Invivogen)) over
a 4-day time period. On day 6, NIM was supplemented
with 1.5 nM BMP4 (R&D Systems). On day 7, EBs were
adhered to CellStart coated plates (Thermo Fisher Scientific).
BMP4 was gradually transitioned out of the NIM over 7
days. On day 16, the media was changed to retinal differ-
entiation medlum (RDM—DMEM/F12 (3:1), 2% B27 sup-
plement, 1% non-essential amino acids, 1% Glutamax, and
0.2% Primocin). On days 25-30, the entire EB outgrowth
was mechanically lifted using a cell scraper and transferred
to ultra-low attachment flasks in 3D-RDM (RDM plus 10%
fetal bovine serum (FBS; Atlas Biologicals), 100 pM tau-
rine (Sigma), 1:1000 chemically defined lipid supplement
(Thermo Fisher Scientific), and 1 pM all-trans retinoic acid
(until day 100; Sigma)). The cells were fed 3 times per week
with 3D-RDM until harvest.

Immunocytochemistry

iPSCs and day 40 organoids were fixed with 4%
paraformaldehyde for 30-60 minutes at room temperature.
Organoids were equilibrated to 15% sucrose in PBS, followed
by 30% sucrose. Organoids were cryopreserved in 50:50 so-
lution of 30% sucrose/PBS: tissue freezing medium (Electron
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Figure 1 Overview. (A) Single use, disposable transfection consumable capable of processing eight independent samples simultaneously. (B, C)
Within the consumable, pressure-driven flow is used to force cells under periodic constrictions, causing rapid deformations which lead to the uptake
of macromolecules from the surrounding buffer. Scale bar = 500 um. (D) Schematics depicting genomic disease-causing homozygous c.199-2A>C

mutation and genotype following CRISPR-based homology-directed repair.
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Microscopy Sciences, Hatfield, PA) and cryosectioned (15
pm). Cells were blocked with 5% normal donkey serum,
3% bovine serum albumin, and 0.1% Triton-X, and stained
overnight with the following primary antibodies: NANOG
(R&D; Cat# AF1997), OCT4 (Stemgent; Cat#09-0023),
LHX2 (Abcam; Cat#AB184337), CHX10 (Exalpha; Cat#
X1179P), OTX2 (R&D Systems, Minneapolis, MN; Cat#
AF1979), and Recoverin (EMD Millipore, Burlington, MA;
Cat# AB55835). The following secondary antibodies (Thermo
Fisher Scientific) were incubated for 1 hour: donkey anti-goat
488 (Cat# R37118), donkey anti-rabbit 488 (Cat#R37118),
donkey anti-sheep 647 (Cat# A21448), and donkey anti-
rabbit 647 (Cat# A31573). Cell nuclei were counterstained
using DAPI (Thermo Fisher Scientific; Cat# 62248). Images
were acquired using a Leica TCS SPE upright confocal micro-
scope system (Leica Microsystems, Wetzlar, Germany).

Results

The manufacture of iPSC-derived cell therapies for inherited
retinal degenerative blindness will require cGMP-compatible
transfection technologies suitable for use with automated
cell manufacturing systems. To meet this need, we and others
have developed microfluidic transfection platforms, which fa-
cilitate the delivery of macromolecules to cells via the appli-
cation of mechanical forces.*”#%5153 While our initial results
were promising, adoption of these technologies by the wider
community required the development of a mature, commer-
cial transfection platform. The CellFE Zephyr transfection
device consists of a pressure control system, into which single
use, disposable consumables (Fig. 1A-C) can be inserted. To
deliver payload to the interior of cells, the cargo is simply
suspended with the target cells in appropriate cell media and
loaded into the consumable. Once placed into the desktop
system, pressure is applied at the consumable’s inlets, forcing
the cell/payload mixture through microfluidic channels.
Within the channels, the uptake of the cargo is accomplished
through rapid deformation of the cells, as depicted in Fig. 1B
and described previously.*”*® The use of pre-sterilized, single
use consumables eliminates the risk of cross-contamination of
samples isolated from different patients, and the transfection
does not depend on any reagents other than an appropriate
cell growth media, such as E8 or mTseR, both of which are
available as CTS versions that have FDA drug master files.

To verify that the Zephyr system is capable of delivering
payloads relevant to the manufacture of patient-specific cell
therapies for inherited retinal degenerative blindness, we used
the system to deliver pre-complexed spCas9/sgRNA RNPs
along with plasmid-based HDR cassettes to correct a disease-
causing mutation present in the NR2E3 gene of patient-
derived iPSCs. This approach was described previously and
illustrated in Fig. 1D.'*

Before we could use the CellFE Zephyr platform to repair
disease-causing mutations in patient-derived iPSCs, appro-
priate operating conditions for the device had to be deter-
mined. While there are many aspects of the microchannel
design which can be tuned, we focused on applied pressure
and ridge gap size, which are the 2 parameters with the
largest effect on delivery efficiency and cell viability. Based
on the measured size of iPSCs and our previous experience,
we attempted to deliver pre-complexed CRISPR RNPs to our
patient-derived iPSCs using channels with 7.2, 9, and 10.4 pm
gapsat both 50 PSTand 90 PSTinlet pressure. After transfection,
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the cells were plated on freshly coated LN521-coated culture
plates and allowed to recover for 2 days followed which time
they were harvested and their gDNA was collected. We then
examined the efficiency of the cas9-induced cutting using a
T7E1 assay while simultaneously using the amount of gDNA
recovered from each culture as a measure of relative viability.
As shown in Fig. 2A, the amount of DNA isolated decreased
sharply with decreasing gap size at 90 PSI, while viability at
all gaps improved when the inlet pressure was lowered to 50
PSI. Given that there was not a substantial difference in cut-
ting efficiency between devices with different gaps (Fig. 2B
and C), we decided to attempt to induce HDR using the 10.4
pm gap device as the larger gaps apply less force on the cells,
leading to higher cell survival.

After determining appropriate operating conditions for
the transfection system, we next determined if it could be
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Figure 2. Analysis of CRISPR-Cas9 sgRNA-mediated cleavage efficiency
using the CellFE Zephyr platform. (A) Amount of DNA isolated from
iPSCs harvested from one well of a 6-well plate that were transfected

2 days prior using the given gap size and pressure. (B) Representative
gel image showing T7E1 assay to analyze cleavage efficiency. Asterisks
indicate cleavage products. (C) Densitometric analysis of digested
products. Error bars represent standard error of the mean (SEM) from 3
independent experiments.
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used to correct disease causing mutations via HDR. We used
the 10.4 pm gap device to co-deliver a plasmid HDR cas-
sette along with pre-complexed spCas9/sgRNA RNPs at 2
pressures. As shown in Fig. 3A-C, our treated cells showed
good survival and cell morphology 2 days post-transfection.
As we described previously, we treated cells with puromycin
to select for cells that incorporated the HDR cassette.!* We
first analyzed the bulk population of cells with junction PCR
(using a forward primer in the puromycin resistance cassette
and a reverse primer outside the HDR cassette (Fig. 1)) and
detected integration of the HDR cassette at both pressures
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(data not shown). We proceeded to isolate colonies and found
that 16 of the 31 colonies amplified the expected PCR product
when subjected to junction PCR. We then performed digital
PCR on the positive colonies to determine what percentage of
sequences showed correction of ¢.119-2A>C. Several colonies
had ~50% of sequences correct, indicating monoallelic cor-
rection, while 1 colony (C34) had ~100% correct, indicating
biallelic correction (Fig. 3D). We used Sanger sequencing to
confirm monoallelic genomic correction of colony 11 (40 of
90 PCR products correct, 44.4%) and biallelic genomic cor-
rection of colony 34 (84 of 87 PCR products correct, 97%)
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Figure 3. CRISPR-based homology-directed repair of the ¢.119-2A>C mutation in patient-derived iPSCs. (A, C) Bright field images of cells 2 days
post-transfection using 50PSI (A), 90PSI (B), or no device (C). Scale bar = 1 mm. (D) Digital PCR analysis of colonies after puromycin selection using
wild type or ¢.119-2A>C probes to determine percent correction. Note—colonies that deviate from 50% (monoallelic) or 100% (biallelic) correction are
polyclonal. Representative Sanger sequencing chromatograms of uncorrected sequence (E) and corrected and PAM mutation (F).
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(Fig. 3E, F). Colonies with >50% and <100% correction were
determined to be polyclonal (ie, contained iPSCs with one
and 2 alleles corrected). No off-target sequence modifications
were observed in either colony (Supplementary material).
We selected 2 colonies (one with monoallelic correction and
one with biallelic correction) to subject to further analysis to

A C

Stem Cells, 2023, Vol. 41, No. 11

assess their suitability for use in the manufacture of photore-
ceptor replacement therapies. As shown in Fig. 4, both colo-
nies were successfully expanded into cell lines with normal
karyotype (A and D), morphology (B and E), and expression
of the pluripotency markers NANOG and OCT4 (C and
F). To further demonstrate cell potency, patient iPSCs were

C34

Figure 4. Characterization of iPSC colonies following Zephyrmediated mono- (C11) and biallelic (C34) CRISPR correction. (A, D) Sample karyotypes
demonstrating that CRISPR corrected cells obtained via mechanoporation retained a normal karyotype (A = C11, D = C34). (B, E) Brightfield images
demonstrating that CRISPR corrected cells generated via mechanoporation maintained a normal iPSC morphology (B = C11, E = C34). (C, F)
Immunohistochemical analysis demonstrating that following Zephyrmediated CRISPR correction patients iPSCs retained expression of the pluripotency
markers NANOG and OCT4 (C = C11, F = C34). DAPI = nuclear stain. Scale bar in B and E = 1 mm. Scale bar in C and F = 100 um.
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differentiated into retinal organoids. CRISPR corrected cell
lines had a similar propensity to generate retinal organoids
as their founding uncorrected parental iPSC line (Fig. SA-C).
In addition, CRISPR corrected organoids showed character-
istic morphology (Fig. 5D and G) and staining of early retinal
progenitor markers LHX2, CHX10, OTX2, and Recoverin
(Fig. SE, E H and I). Collectively, these data indicate that the
mechanical transfection protocol developed was sufficient
to induce HDR in patient-derived iPSCs without deleterious
off-target edits, disrupting chromosomal structure, or altering
cellular potency. As this approach does not use specialized
transfection reagents and can be done using readily available
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c¢GMP qualified reagents, it is ideal for incorporation into a
clinical cell manufacturing pipeline.

Discussion

While we have shown that microfluidic transfection sys-
tems can deliver gene-editing reagents to iPSCs, it is impor-
tant to consider the advantages and disadvantages of these
new approaches as compared to conventional transfection
strategies such as electroporation and lipofection. One lim-
itation shared by all these approaches is the need to op-
timize the transfection procedure for each cell population

Figure 5. Retinal differentiation of patient iPSCs following Zephyr-mediated mono- (C11) and biallelic (C34) CRISPR correction. (A-l) Brightfield (A-D, G)
and confocal microscopy (E-F, H-1) of iPSC-derived 40-day 3D retinal organoids following Zephyrmediated monoallelic (C11) and biallelic (C34) CRISPR
correction. For confocal microscopy, antibodies targeted against the retinal progenitor cell markers LHX2 and CHX10 (E, H) and the photoreceptor
precursor cell markers Recoverin (green) and OTX2 (red) (F, I) were used. DAPI = nuclear stain. Scale bar in A-C = 1000 um. Scale bar in D and G = 400

um. Scale barin E, F, H, and | = 100 pm.
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to be processed. Performance of microfluidic transfec-
tion devices such as the ones used in this work are sensi-
tive to the diameter of cells being treated and could fail
to deliver cargo to cells that are too small or simply clog
if used with cells that are too large. Therefore, working
with different cell populations may require the use of mul-
tiple devices with varying channel geometry. However, this
limitation is not unique to mechanoporation given that
lipofection and electroporation also must be optimized on a
population-to-population basis.

Once the transfection procedure is optimized, we can see
qualitative differences in the experience of using the different
approaches. Microfluidic transfection using the Zephyr is a
simple procedure to perform. One prepares a cell suspen-
sion containing the desired cargo, loads it into a device and
performs the transfection at the optimized pressure. While
the experience of preparing the delivery suspension, loading
it into a consumable and performing the transfection on a
piece of dedicated equipment is very similar to that of electro-
poration, the difference is that microfluidic transfection can
be performed in complete media, rather than a proprietary
buffer. This has the advantage of easier adaptation to cGMP
and automated cell manufacturing systems.

One current limitation of the microfluidic transfection
strategy presented in this work is the high concentrations of
cas9 RNPs and plasmid HDR construct required to achieve
gene editing. For example, the results presented in this paper
required the use of 12.5 pg of cas9, 7.5 pg of sgRNA, and
20 pg of plasmid HDR construct to perform a 500-pL trans-
fection of ~500,000 cells. Meanwhile protocols currently in
use in our group require 5.9 pg of cas9, 1.4 pg of sgRNA,
and 1 pg of plasmid HDR construct per 100 pL electropo-
ration reaction of approximately 1 million cells. While rea-
gent consumption can be reduced by simply decreasing the
volume of delivery suspension used, this obviously decreases
the total yield of transfected cells. This is not of great concern
for iPSC-derived therapies as the transfected cells can simply
be expanded after processing, but this could be an issue for
other workflows.

One issue that should be considered regardless of trans-
fection method used, is genetic purity of the resulting cell
line following CRISPR correction, colony isolation, and cell
line expansion. As demonstrated in Fig. 3, several of the iPSC
colonies that were screened via digital PCR deviated from
the 50% and 100% correction that would be expected had
the colony contained a true monoclonal cell population.
For colonies such as 16 (ie, Figure 3D, C16), a mixture of
cells that had monoallelic correction (ie, 50% of alleles ed-
ited) and those that had biallelic correction (ie, 100% of
alleles edited) were present. While we could readily obtain
monoclonal cell lines by increasing the number of colonies
screened, these data indicate that subcloning and single-cell
expansion could be used to generate additional cell lines with
monoallelic and biallelic correction as needed. One caveat,
however, is that true single iPSC clonal expansion results in
significantly increased selection pressure, which can lead to
selection of cell lines with karyotypic abnormalities (eg, kar-
yotypic anomalies that bestow a significant growth advan-
tage are common®**’). As such, CRISPR corrected clonally
expanded cell lines should be considered independent of the
parental cell line and karyotyped to ensure genomic integrity
(Figure 4).

Stem Cells, 2023, Vol. 41, No. 11

Conclusion

Patient-specific iPSC-derived cell therapies hold great promise
for the treatment of many conditions, including inherited ret-
inal degenerative blindness. While mature protocols have
been developed by many groups to produce cell therapies
from patient-derived iPSCs, these protocols often require
the use of transfection technologies such as lipofection to
repair disease causing mutations, which are not compatible
with ¢cGMP. In this work, we used a microfluidic transfec-
tion system to co-deliver cas9 RNPs with an HDR cassette
to repair a disease-causing mutation in the NR2E3 gene of
a patient-derived iPSC line. This approach, which used well
defined reagents in a cGMP compatible workflow, produced
several corrected lines, each of which exhibited normal cell
morphology and karyotype that could produce high quality
retinal tissue suitable for use as a cell therapy. These results
demonstrate that microfluidic transfection is now a mature,
readily available technology capable of enabling the devel-
opment of ¢cGMP compatible, clinical cell manufacturing
protocols.
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