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ABSTRACT

In spite of the progress in gene editing achieved in recent years, a subset of genetic diseases
involving structural chromosome abnormalities, including aneuploidies, large deletions and com-
plex rearrangements, cannot be treated with conventional gene therapy approaches. We have
previously devised a strategy, dubbed chromosome transplantation (CT), to replace an endoge-
nous mutated chromosome with an exogenous normal one. To establish a proof of principle for
our approach, we chose as disease model the chronic granulomatous disease (CGD), an X-linked
severe immunodeficiency due to abnormalities in CYBB (GP91) gene, including large genomic
deletions. We corrected the gene defect by CT in induced pluripotent stem cells (iPSCs) from a
CGD male mouse model. The Hprt gene of the endogenous X chromosome was inactivated
by CRISPR/Cas9 technology thus allowing the exploitation of the hypoxanthine—aminopterin—
thymidine selection system to introduce a normal donor X chromosome by microcell-mediated
chromosome transfer. X-transplanted clones were obtained, and diploid XY clones which sponta-
neously lost the endogenous X chromosome were isolated. These cells were differentiated
toward the myeloid lineage, and functional granulocytes producing GP91 protein were obtained.
We propose the CT approach to correct iPSCs from patients affected by other X-linked diseases
with large deletions, whose treatment is still unsatisfactory. STEM CELLS 2019;37:876-887

SIGNIFICANCE STATEMENT

A lot of genetic diseases involving chromosome abnormalities cannot be treated by conven-
tional gene therapy approaches. This study applied chromosome transplantation, a new geno-
mic therapy method that has been recently developed, to induced pluripotent stem cells (iPSCs)
derived from an X-linked mouse disease model. As a proof of principle, this study demonstrated
that X-chromosome-transplanted corrected cells restored the normal function to differentiated
cells. Although all the strategies based on iPSCs are still far away from the clinic, it is believed
that the results establish an important step for the usefulness of this kind of genomic therapy
in selected patients.

therapy methods based on viral vectors and

INTRODUCTION

Chromosome transplantation (CT) is a new
approach to correct genomic defects based on
the precise exchange of an endogenous defec-
tive chromosome with a normal exogenous one
[1]. Theoretically, this approach could restore
any genetic disease, but the technical difficulties
of transferring intact chromosomes and con-
comitantly eliminating the defective endoge-
nous one, have dissuaded researchers to
extensively pursue this approach, since gene
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more recently on programmable nucleases are
more feasible. However, a subset of structural
abnormalities are impossible to correct using
these strategies. They include aneuploidies, large
deletions, inversions, and defects due to large
triplet expansions that cause “genomic disor-
ders” [2]. Recently, the attempt to treat these
diseases have established the new field of “chro-
mosome or genomic therapy” [1,3-6].

We have recently shown, as proof of princi-
ple, that it is possible to substitute in mouse

©AlphaMed Press 2019


mailto:marianna.paulis@humanitasresearch.it
mailto:marianna.paulis@humanitasresearch.it
http://dx.doi.org/10.1002/stem.3006
http://dx.doi.org/10.1002/stem.3006

Castelli, Susani, Menale et al.

877

embryonic stem cells (ESCs) the Hprt-defective X chromosome
with a wild-type (wt) one [1], thus correcting the genetic
defect that in humans causes the Lesch-Nyhan syndrome. The
Hprt gene was chosen since Hprt” and Hprt~ cells can be easily
selected in vitro allowing the identification of corrected cells:
Hprt® cells survive in hypoxanthine—aminopterin—thymidine
(HAT) medium, whereas Hprt~ cells survive in 6-thioguanine
(6-TG) medium. Therefore, in principle, any X-linked disease in
which Hprt has been inactivated by gene targeting, could be
easily selected taking advantage of the HAT selection system. X
chromosome is involved in several important human diseases,
which at present cannot be efficiently treated with standard
gene therapy methods. Examples include Duchenne dystrophy
(DD), often caused by large deletions, whose treatment is still
unsatisfactory in spite of recent progress [7,8], Fragile X syn-
drome, in which reduction of the triplet expansion with normaliza-
tion of gene expression has only partially been achieved [9], and
Turner syndrome, in which a normal diploid content could be
restored by an X chromosome transfer [10].

In the present paper, we show as a proof of principle that
this approach is able to correct the genetic defect in induced
pluripotent stem cells derived from a mouse model of chronic
granulomatous disease (CGD-iPSCs) [11], a severe disease of
the immune system due to mutations in the CYBB gene [12].
The protocol used can correct any genetic defect involving the
X chromosome [10], maintaining intact all the regulatory ele-
ments and leaving no mark of the procedure. The CGD mouse
model was chosen since large deletions in the CYBB gene are
found in 10% to 15% of patients [13]. CYBB is a component
of the nicotinamide adenine dinucleotide phosphate (NADPH)
enzymatic complex that is critical for phagocyte killing of bac-
teria through reactive oxygen species. Due to this deficiency,
phagocytes from CGD patients are present but not-functional
[14, 15].

MATERIALS AND METHODS

Animal Use and Care

B6.1295-Cybb™2P"/) mutant mice [11] and C57BL/6 wt mice
were maintained according to the lItalian regulations (D.L.
n.116, G.U., suppl. 40, 18 febbraio 1992, Circolare no. 8, G.U. 14-
luglio 1994D.Lgs. 26/2014) and EU Directive guidelines (2010/
63/EU). NOD.Cg-Prkdc®® 112rg™*™i'/sz) (NSG) mice were pur-
chased from Charles River Laboratories (Calco, Italy). GFP*
C57BL/6 were produced in our laboratory by crossing C57 mice
to the GFP* [16]. The study was approved by the Italian Min-
istry of Health (approval no. 45/2015-PR). The experimental
facility was maintained at 23°C (£0.5°C). The light cycle was set
at 14/10 hours (light/dark). Animals were given ad libitum access
to food and water.

Cell Cultures

Mouse embryonic fibroblasts (MEFs) were obtained by mincing
and dissociating 13.5 days post coitum (dpc) CD-1 embryos
(Charles River Laboratories) by Trypsin-Versene (Lonza, Basel,
Switzerland). Primary cultures were maintained in high glucose
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum (FCS, Lonza).

The A9/MEF-C12 hybrid cell line was obtained by cell
fusion between A9 cells and MEF cells [1] and maintained by
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standard culture procedures in DMEM medium, supplemented
with 10% FCS and HAT medium (Sigma—Aldrich, St. Louis, MO).

Mouse iPSCs and their derivative hybrid cells were cultured
on mitomycin-C (Sigma—Aldrich) treated MEF feeder layer in
standard mouse iPSC medium: knockout DMEM (KO-DMEM;
Thermo Fisher Scientific, Waltham, MA) containing 15% ESC-
qualified FCS (Thermo Fisher Scientific), 1,000 U/ml leukemia-
inhibitory factor (LIF-ESGRO Chemicon, Merck Millipore, Darmstadt,
Germany), 0.1 mM nonessential amino acids (Lonza), 2 mM
t-glutamine (Lonza), 50 pg/ml penicillin—streptomycin (Lonza),
and 100 pM B-mercaptoethanol (Thermo Fisher Scientific).

iPSC Generation and Expansion

Wild-type and CGD cells were reprogrammed using the
integration-free CytoTune-iPS 2.0 Sendai Reprogramming Kit
(Thermo Fisher Scientific), which contains Sendai virus particles
of the four Yamanaka factors [17]. Briefly, cKit" hematopoietic
progenitor cells from the mouse CGD bone marrow (BM) were
plated onto wells of a gelatin-coated 6-well plate 24 hours
before viral transduction. The cells were transduced according
to the manufacturer protocol. Four days after transduction,
cells were plated onto MEF feeder cells, and fed with mouse
iPSC medium. Approximately 7 days after plating, the first
appearing colonies were picked for expansion into individual
iPSC lines, transferred to MEF feeder cells and cultured with
iPSC medium. At least three iPSC colonies from each cell line
were expanded and analyzed for pluripotency and karyotype
stability.

CRISPR/Cas9 Transfection and 6-TG Selection

Cells were seeded into 6-well plates (approximately 2 x 10°
cells per well) and transfections were performed using
Lipofectamine 2000 (Thermo Fisher Scientific) according to the
manufacturer’s protocol. To target the mutation in the Hprt
gene, CGD-iPSCs were cotransfected with two vectors previ-
ously described [18,19]. Briefly, 1 pg of CRISPR/Cas9 pX330
plasmid containing a guide-RNA (gRNA) specific for the exon
3 of the Hprt gene (gRNA-Ex3-Hprt) was cotransfected with
1 pg of pPNT-HPRT construct containing the TK gene from the
Herpes Simplex Virus Thymidine Kinase (HSV-TK) and a neomy-
cin selectable marker, flanked by two homologous arms from
the Hprt gene. After 48 hours, transfected cells were seeded
at low density (6 x 10 cells per p100), selected in 6-TG medium
(30 uM, Sigma—Aldrich) and pooled together.

Microcell Mediated Chromosome Transfer and Clone
Isolation

Microcell mediated chromosome transfer (MMCT) from the
A9/MEF-C12 hybrid donor cell line to unsynchronized recipi-
ent mouse 6-TG" CGD-iPSCs was performed as previously
described with minor modifications [1]. In brief, approxi-
mately 5 x 10° mouse A9/MEF-C12 hybrid cells were plated
on six gelatin-coated high-speed polycarbonate centrifuge tubes
(Nalgene, Rochester, NY) and used as source of microcells for
the MMCT. To promote micronuclei formation, cells were treated
with 0.2 pg/ml of colcemid (KaryoMAX, Thermo Fisher Scientific).
After 48 hours of incubation, the medium was replaced with
DMEM medium containing cytochalasin B (10 pg/ml, Sigma-—
Aldrich) and the tubes were centrifuged at 16,000g for
70 minutes at 37°C. The pellet containing extruded microcells
were resuspended in 10 ml of serum-free DMEM and purified
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by two consecutive filtrations using membranes with 8 pm
pores (Millipore). 1-3 x 107 purified microcells were collected
by centrifugation at 400g for 10 minutes, resuspended in 2 ml
of serum-free DMEM and then mixed with 10’ monodispersed
mouse 6-TG" CGD-iPSCs. After centrifugation at 160g, 1 ml of
a prewarmed solution of 50% PEG 1500 (Roche, Mannheim,
Germany) was poured onto the cell pellet over 1 minute,
followed by extensive washing in serum free DMEM. 2.5 x 10°
cells were plated in p100 dishes and after 48 hours 1x HAT
selection was added.

Chromosome Preparation and Analysis

Chromosome analysis was carried out on slide preparations
of cell suspensions. Briefly, cell cultures were treated with
KaryoMAX at a final concentration of 0.1 pg/ml for 2 hours at
37°C and mitoses were collected. After hypotonic treatment
and fixation in methanol: acetic acid solution (3:1 vol/vol),
each cell suspension was dropped onto a slide and air-dried.
Chromosome counts and karyotype analyses were done on
metaphases stained with Vectashield mounting medium with
DAPI (Vector Laboratories, Youngstown, OH) for DAPI banding.

Images were captured using an Olympus BX61 Research
Microscope (Olympus Diagnostics, London) equipped with a
cooled CCD camera and analyzed with Applied Imaging Soft-
ware CytoVision for mouse karyotyping (CytoVision; Applied
Imaging, Santa Clara, CA).

FISH

Flow-sorted DNA for X chromosome (M.A. Ferguson-Smith,
University of Cambridge, Cambridge, U.K.) was labeled via PCR
with Spectrum Orange-dUTP (Vysis, IL). The pPNT vector con-
taining the TK gene, and BAC RP23-173F3 containing the Hprt
gene, were labeled via nick translation (Thermo Fisher Scien-
tific) using biotin-16-dUTP (Roche) and used as DNA probes.

The labeled probes were resuspended in hybridization buffer
(50% formamide, 10% dextran sulphate, 1X Denhardt’s solution,
0.1% SDS, 40 mM Na,HPO, pH 6.8, 2x SSC) containing 10X
mouse Cotl DNA (Thermo Fisher Scientific) and denatured at
80°C for 10 minutes. In situ hybridization was performed as pre-
viously described [20]. In brief, slides were treated with Pepsin
(0.004%) at 37°C for 30 seconds and dehydrated through the
ethanol series before denaturation in 70% formamide/2x SSC.
Hybridization was completed overnight at 37°C. Stringent
washes were carried out in 0.4% SSC at 72°C for 5 minutes.
Slides were mounted in Vectashield mounting medium with
DAPI and then were scored under an Olympus BX61 Research
Microscope equipped with a cooled CCD camera. Images
were captured and analyzed with Applied Imaging Software
CytoVision (CytoVision Master System with Karyotyping &
FISH). To identify the pPNT vector localization at least 50 cells
were analyzed.

Alkaline Phosphatase Staining

Leucocyte Alkaline Phosphatase Kit (Sigma—Aldrich) was used,
accordingly to kit instructions.

Embryoid Body Formation

A total of 1,000 mouse iPSCs were cultured in hanging drops
(20 pl) on covers of 100 mm hydrophobic dishes in differentia-
tion medium (iPSC medium without LIF). After 2/3 days of
incubation, the drops were transferred to the bottom of the
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plates in 10 ml of differentiation medium and further
incubated for another 2 days. The nascent EBs were plated
separately onto gelatin-coated 12-well plates and tested for
pluripotency.

Immunofluorescence

For immunofluorescence, mouse iPSCs and EBs were fixed in
4% paraformaldehyde (PFA) for 10 minutes at room tempera-
ture, washed with phosphate-buffered saline (PBS), and perme-
abilized in 0.3% Triton X-100 in PBS for 10 minutes at room
temperature. Primary antibodies used were anti-OCT4 (ab18976,
Abcam, Cambridge, U.K.), anti-NANOG (NB100-58842, Novus
Biologicals, Littleton, Colorado), anti-SOX2 (ab97959, Abcam),
anti-SSEA1 (MC480, Cell signaling Technology, Beverly, MA), anti-
NESTIN (ab11306, Abcam), anti-SMA (ab5694, Abcam), anti-AFP
(MAB1368, R&D System, Minneapolis, MN) and anti-GATA-4
(ab134057, Abcam). After primary antibody incubation, samples
were washed with PBS and incubated with secondary Alexa
Fluor594-coniugated antibodies (Thermo Fisher Scientific),
diluted 1:2,000. Samples were also counterstained with DAPI,
200 pg/ml. Slides were observed using an Olympus BX61
Research Microscope equipped with a cooled CCD camera.
Images were captured and analyzed with Applied Imaging Soft-
ware CytoVision.

DNA Sample Preparation and Genomic PCR Analysis

Genomic DNA was extracted from cell lines using QlAamp®
DNA Kit (Qiagen, Germantown, MD) according to manufac-
turer’s recommendations. For primer pairs and PCR conditions
to amplify wt and Cybb™ alleles see Jackson lab (https://www2.
jax.org/protocolsdb/f?p=116:5:0::NO:5:P5_MASTER_PROTOCOL _
ID,P5_JRS_CODE:22432,002365); primers for the analysis of
informative single-nucleotide polymorphisms (SNPs) on the X
chromosome are listed in Supporting Information Table S1. PCRs
were performed under the following conditions: initial denatur-
ing for 5 minutes at 94°C; denaturing for 30 seconds at 94°C,
55°C for 30 seconds, extension for 30 seconds at 72°C, repeated
35 times; final extension 5 minutes at 72°C. The PCR products
were recovered using NucleoSpin® Gel and PCR Clean-up
(Macherey-Nagel) and sequenced with specific primers.

Teratoma Formation and Histology

To produce teratomas, 5 X 10° mouse iPSCs were inoculated
subcutaneously into the flank of 6-week-old NSG. After approx-
imately 3 weeks, resected teratomas were fixed in formalin,
processed for paraffin embedding and then stained with hema-
toxylin and eosin (H&E), following standard procedures.

Phagocyte Differentiation Protocol

For phagocyte differentiation protocol, EBs were generated
through the “hanging drops” method in iPSC medium without
LIF [21]. Two days after, EBs were pooled in low attachment
conditions and after 4 days they were seeded on gelatine-
coated 96-well plates. After 24 hours mouse hematopoietic
cytokines were added (IL-3 and IL-6, 5 ng/ml, both from
Peprotech, and G-CSF 10 ng/ml from Miltenyi Biotech, San
Diego, CA) and after 3 days, the hematopoietic differentiation
medium was replaced with doubled concentration of all cyto-
kines. Half of the medium was replaced every 2 days. cKit"
precursors were immuno-magnetically purified (MS columns
with anti-mouse-CD117 MicroBeads, Miltenyi Biotec) at 14-18
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days and seeded in complete methylcellulose-based medium
(MethoCult GF M3534, Stem Cell Technologies, Vancouver,
Canada) with the addition of 20 ng/ml of G-CSF for colony-
forming unit (CFU) assays. Myeloid colonies were observed
after approximately 10-14 days of culture, and at day 28-32,
cells were collected and cytospun (800 rpm for 6 minutes;
Shandon Cytospin 4, Thermo Fisher Scientific). The different
cell types were evaluated after May—Grunwald Giemsa (MGG)
staining (Carlo Erba, Milano, Italy).

Flow Cytometry

Dead cell discrimination was performed with LIVE/DEAD Fix-
able Dead Cell Stain Kit (ThermoFisher Scientific), following
manufacturer instructions. Staining of cells for flow cytometry
analysis was performed in PBS containing 2% FCS and 1 mM
EDTA, with the following anti-mouse conjugated monoclonal
antibodies: cKit (2B8), CD11b (M1/70), CD115 (AFS98), Ly6G
(1A8-Ly6G; all from eBioscience, San Diego, CA) and CD45
(30/F11, from Biolegend). LSR Fortessa flow cytometer (BD
Biosciences, San Jose, CA) equipped with BD FACSDIVA soft-
ware (BD, Franklin Lakes, NJ) was used for data acquisition
and FlowJo software (Tree Star, Inc., Ashland, OR) was used
for data analysis.

Immunohistochemistry

Immunohistochemical assays were performed on cytospin pre-
parations of differentiated mouse iPSCs. Cells were fixed in 4%
PFA for 10 minutes at room temperature, washed with PBS,
and then treated with 0.3% H,0, for 15 minutes. After PBS
washing, cells were fixed with Rodent Block M (RBM961L, Bio-
care Medical, Pacheco, CA) for 30 minutes at room temperature.
Primary antibody used was anti-GP91 (1:100, BD Biosciences).
After washing, cells were treated with MM HRP Polymer (Biocare
Medical) for 30 minutes and then with Betazoid DAB (Biocare
Medical) for 5 minutes. After washing, cells were counterstained
with hematoxylin for 2 minutes, dehydrated and mounted.

NitroBlue Tetrazolium Assay

NitroBlue tetrazolium (NBT) assay was performed as previously
described with minor modifications [22]. Briefly, methylcellu-
lose wells containing CFUs were overlaid with one-fifth volume
of NBT-saturated RPMI-1640 medium (Sigma—Aldrich) containing
500 ng/ml Phorbol 12-myristate 13-acetate (PMA, Sigma-—
Aldrich) and 5% bovine serum albumin (H2B) and incubated
at 37°C for 30 minutes. CFUs were subsequently analyzed
using inverted microscope (CKX31, Olympus), and the CFUs
displaying blue formazan precipitates were scored as positive.
CFU cells were recovered, pooled, and cytospun (800 rpm for
6 minutes; Thermo Fisher Scientific) and the formazan deposits
were identified. Nuclei were counterstained with DAPI and
acquired in fluorescence whereas dark formazane precipitates
were analyzed in brightfield using an Olympus BX61 Research
Microscope equipped with a cooled CCD camera. The two
images were then merged.

Neutrophil Extracellular Trap Induction

To detect neutrophil extracellular trap (NET) formation, cells
from CFU assays were recovered, pooled, and resuspended in
Hanks’ balanced saline solution (HBSS; Lonza). 1 x 10° cells
were seeded on poly-L-lysine-coated glass coverslips in 12-well
tissue-culture plates and allowed to settle for at least 30 minutes
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prior to stimulation. Cells were left unstimulated or treated
with 500 ng/ml PMA (Sigma—Aldrich) in HBSS and incubated at
37°C for 120/180 minutes. Cells were fixed with an equal vol-
ume of 4% PFA added to the HBSS medium for 15 minutes.
After washing with PBS, the samples were counterstained with
DAPI, 200 pg/ml. Slides were observed using an Olympus BX61
Research Microscope equipped with a cooled CCD camera.
Images were captured and analyzed with Applied Imaging Soft-
ware CytoVision.

Statistical Analysis

Statistical analysis was performed using one-way analysis of
variance with Tukey’s post-test for grouped analysis and multi-
ple comparisons with GraphPad Prism 6.0 (GraphPad Soft-
wares, Inc., La Jolla, CA). Statistical significance was considered
when p < .05 (*, p <.05; ** p < .01; *** p < .001). All the
experiments were performed in triplicate. All data are pres-
ented as mean =+ SD.

RESULTS

Experimental Design

To correct CGD derived cells, we designed a three step strat-
egy (Fig. 1): (1) selectable CGD-iPSCs were generated from a
mouse model (Cybb~); (2) CT was performed on these cells via
MMCT and diploid cells, in which the defective X chromosome
has been substituted with a normal donor one, were selected;
(3) cells were differentiated toward functional granulocytes.

Generation of iPSCs from the CGD Mouse Model

The Cybb™ mutant mouse bears the Cybb gene inactivated by
homologous recombination and recapitulates the human CGD
phenotype [11]. The CYBB gene (also called GP91) is localized
on the X chromosome and it is the most frequently mutated
gene in the CGD human pathology. After crossing Cybb™ mice
with GFP* C57BL/6 mice, we isolated cKit" hematopoietic pro-
genitors cells from the BM of a Cybb™/GFP* male mouse. We
generated iPSC lines by infecting progenitors cells with the
four Yamanaka reprogramming factors hOCT4, hSOX2, hKLF4,
and hc-MYC [17] using the integration-free Sendai virus gene-
delivery method [23]. Several CGD-iPSC clones were isolated
and characterized. The clone CGD-33, showed a normal
diploid karyotype (Supporting Information Fig. S1A) and the
presence of the Cybb mutation was confirmed by PCR analysis
(Supporting Information Fig. S1B). The clone was bona fide
pluripotent as assessed by colony morphology, by alkaline
phosphatase assay and by the presence of stemness markers
(Supporting Information Fig. SIC-S1E). Its ability to differenti-
ate toward the three germ layers in vitro and to develop tera-
tomas in vivo upon subcutaneous injection into NSG mice was
also demonstrated (Supporting Information Fig. S1F, S1G). We
also generated iPSC lines from a male GFP* C57BL/6 wt mouse
as control (not shown).

Hprt Inactivation by CRISPR/Cas9 in CGD iPSCs

To obtain the correction of CGD genetic defect in the established
mouse CGD-iPSC lines, we applied the CT protocol (Fig. 1)
recently set up in mouse ESCs [1]. As recipient cell line, we used
the CGD-33 clone in which we inactivated the endogenous Hprt
gene through CRISPR technology [24], by targeting exon 3 with a
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1. MODEL GENERATION 2. CORRECTION 3. DIFFERENTIATION
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argeting 40,XY 40,XY
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Figure 1. Schematic overview of the “chromosome therapy” approach in CGD-iPSCs. The scheme shows the step-by-step procedure
followed to generate and correct mouse CGD-iPSCs in which an endogenous chromosome is replaced with an exogenous normal one. (1):
Model generation: cKit” bone marrow cells were obtained from a male CGD mouse and reprogrammed to iPSCs. Their Hprt gene was
targeted by CRISPR/Cas9 and Hprt™ cells were selected in 6-TG medium. (2): Correction: the 6-TG" cells were subjected to MMCT and X-
transplanted clones were selected in HAT medium; subsequently, XY diploid iPSCs in which the endogenous X chromosome has been
substituted with an exogenous normal one were obtained. (3): Differentiation: diploid XY corrected cells were differentiated toward
mature granulocytes. Abbreviations: 6-TG selection, selection in 6-thioguanine medium; BM, bone marrow; CGD, chronic granulomatous
disease; Cybb~ mouse, mouse model of X-linked CGD; iPSC, induced pluripotent stem cell; HAT selection, selection in hypoxanthine—
aminopterin—thymidine medium; Hprt, hypoxanthine phosphoribosyltransferase; MMCT, microcell mediated chromosome transfer.
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Figure 2. Hprt inactivation of the CGD-33 clone. (A): Schematic representation of the cotransfection strategy: CGD-induced pluripotent
stem cells were cotransfected with a CRISPR/Cas9 plasmid containing a RNA guide specific for the exon 3 of the Hprt gene (gRNA-
Ex3-Hprt) together with the pPNT-HPRT construct containing the HSV-TK gene (see Materials and Methods for details). (B, C): Representa-
tive images of interphase nuclei (B) and metaphase spreads (C) from transfected 6-TG® CGD-33 cell pool after FISH. The BAC RP23-173F3
(red) containing the Hprt gene and the pPNT vector (green) containing only the HSV-TK gene (without the Hprt flanking regions) were
used as probes. Scale bar: 10 pm. In (C) panel, insets are derived from regions identified by the dashed box. Scale bar: 2 pm. The asterisks
(*) indicate sites where only the red signal is present. The arrow indicates the colocalized signals. Chromosomes were counterstained by
DAPI (blue). Abbreviations: 6-TG, selection in 6-thioguanine medium; CGD, chronic granulomatous disease.
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Figure 3. Analysis of the chromosome-transplanted HAT® cI33-F clone. (A): Histogram showing the chromosome distribution (left) and
representative DAPI-banding karyotypes at passage 3 (p3) of the two 41,XXY (middle) and 40,XY (right) cell populations. The asterisk (*)
in the histogram indicates the presence of a deletion of the distal region of the chromosome 6. (B): Representative metaphase spreads
after FISH on metaphase cells from the HAT® cI33-F at passage 6 using the X-chromosome painting (red) and the BAC RP23-173F3 con-
taining the Hprt gene (red) as probes. Arrows indicate the sites of hybridization signals. Chromosomes were counterstained with

DAPI (blue).

specific gRNA (gRNA-Ex3-Hprt), to take advantage of the
HAT/6-TG positive/negative selection system. Concomitantly, the
pPNT-HPRT plasmid the HSV-TK gene, was cotransfected in order
to exploit the TK/ganciclovir system for the elimination of the
endogenous X chromosome, as previously described in Down
syndrome iPSCs [5] (Fig. 2A; see Materials and Methods for
details). The resultant 6-TG resistant (6-TGY) cells, in which
the Hprt allele was disrupted, were isolated and analyzed by
FISH, to confirm the correct pPNT-HPRT plasmid insertion [18].
Twenty-two percentage of cells was found to display a correct
colocalization (Fig. 2B, 2C).

CT in Hprt™ Defective CGD iPSCs

The pool of Hprt™ (6-TGR) CGD-33 iPSCs was used as recipient
cells and subjected to fusion experiments together with micro-
cells from the A9/MEF-C12 cell line, containing a normal X
chromosome [1]. Upon HAT selection, which eliminates Hprt™
cells, five independent HAT resistant (HAT®) clones (cl33-A,
cl33-B, cI33-C, cl33-F, and cI33-G) with an efficiency of approxi-
mately one corrected clone per 2 million cells were obtained.
As expected, in all HAT® clones, two X chromosomes were
detected, one endogenous and one microcell-derived containing
the normal Hprt gene, except for the cI33-G clone in which only
one X chromosome was present. This last clone, that likely had
spontaneously lost the endogenous mutated X chromosome,
displayed a tendency to lose also the Y chromosome and was
excluded from further studies (data not shown). Clones 33A,
33B, and 33C were XXY but showed an aberrant karyotype and
were excluded from further studies. Interestingly, in the cl33-F
clone, a subpopulation with a normal content of 40 chromosomes
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was also present at passage 3 (Fig. 3A), indicating that loss of
the mutated endogenous X chromosome had spontaneously
occurred. After few passages in HAT selective medium, the
presence of the normal exogenous X chromosome was further
confirmed by FISH experiments using both a whole X chromo-
some painting and a BAC containing the Hprt gene as probes
(Fig. 3B). By limiting dilution, several subclones with a XY dip-
loid chromosome content were isolated making the ganciclovir
selection unnecessary, as reported to occur in one of the two
studies working on iPSC trisomic for chromosome 21 [6]. Kar-
yotype analysis of all subclones revealed an overall normal
chromosome distribution, with the exception of a deletion of
the distal region of the chromosome 6, which is one of the
chromosome mutations that spontaneously occur in pluripo-
tent cells during long-term cultures [25-27]. Retrospective
analysis confirmed that this cytogenetic aberration was not
due to the CT procedure since it was absent in the original
CGD-33 iPSC line but was already present in the 6-TG resistant
pool of cells, in which the Hprt gene was inactivated by
CRISPR/Cas9 before MMCT. Since the aim of this study was to
establish a proof of principle for our approach, we decided to
use these cells to demonstrate the correction of the Cybb
genetic defect, despite the chromosome rearrangement.

Chromosome-Transplanted iPSC Clones Can Be
Differentiated into Functional Granulocytes

In three corrected transplanted subclones (cl33-F8, cl33-F3,
and cI33-F7) we first analyzed their karyotype and the Cybb gene
by PCR analysis, confirming that XY diploid cells maintained only
the wt allele (Fig. 4A, 4B and Supporting Information Fig. S2A,
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Figure 4. Characterization of the corrected cl33-F8 clone. (A): Left: histogram showing the chromosome distribution at passages
13 (p13) and 20 (p20). Right: representative DAPI-banding karyotype. The asterisk (*) in the histogram indicates the presence of a dele-
tion of the distal region of the chromosome 6. (B): Analysis of the Cybb locus in the cl33-F8 and an heterozygous female Cybb+/_ mouse
DNA. Only the normal 240 bp band is seen in the transplanted cI33-F8. (C): Informative single-nucleotide polymorphism (SNP) analysis in the
corrected cl33-F8 and uncorrected chronic granulomatous disease (CGD)-33 clone. Top: localization of the SNPs on the X chromosome. Bottom:
SNP genotype in the endogenous (CGD strain, C57) and exogenous (donor strain, CD1) X chromosome showing that cI33-F8 bears only CD1
derived SNPs. (D): Immunostaining for stemness markers (red): OCT4, NANOG, SOX2, and SSEAL. Nuclei are counterstained with DAPI (blue).
Scale bar: 50 pm. (E): Immunostaining for markers of the three germ layers (red): ectoderm (NESTIN), mesoderm (SMA), and endoderm (GATA-
4). Nuclei are counterstained with DAPI (blue). Scale bar: 50 um. (F): Teratoma formation assay. H&E stainings show primitive and mature neu-
roepithelium (ectoderm), mesenchymal cells (mesoderm), and gland-like structure (endoderm). Scale bar: 50 um. Abbreviations: +R, not defined
rearranged chromosome; +8, trisomy 8; Neg, negative control.

S2B). To confirm the CD1-derivation of the X chromosome, infor-
mative SNPs spanning the X chromosome were analyzed [1] (see
Materials and Methods for details). As expected, all SNPs rev-
ealed CD1-derived allelic forms (Fig. 4C and Supporting Informa-
tion Fig. S2C). Importantly, after the CT procedure, the three
subclones have maintained their stemness: all clones were still
pluripotent as assessed by their ability to differentiate in vivo
toward the three germ layers, and to form teratomas upon
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subcutaneous injection into NSG mice (Fig. 4D, 4F and Supporting
Information Fig. S2D-S2F).

The three corrected clones were differentiated to demon-
strate that their cells have acquired the ability to differentiate
into functional mature granulocytes. For this purpose, we set
up a three-step differentiation protocol using a wt mouse iPSC
clone (Supporting Information Fig. S3). Step 1, iPSCs were
induced to an initial spontaneous differentiation through
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Figure 5. Granulocyte differentiation from induced pluripotent stem cells (iPSCs). (A): Schematic three-step differentiation protocol of
mouse corrected CGD-iPSCs into granulocytes. Step 1: EB formation from day O to day 6 in suspension plates. Step 2: EB culture on adher-
ent gelatin-coated plates in hematopoietic differentiation medium from day 7 to 14-18 days. Cytokines were added at day 7 and after
3 days their concentration was doubled. Step 3: Mature differentiation of cKit" purified hematopoietic in semi-solid medium (MethoCult)
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and NET assays. (B): Representative flow cytometry analysis for characterization of early neutrophil progenitors during the adherent cul-
ture conditions (step 2, day 18). The gray histogram represents the isotype control while the blue histogram is the fluorescent antibody
staining for CD45, cKit, CD11b, CD115, and Ly6G. (C): Representative examples of MGG staining of CGD-33 clone (left), wt clone (middle),
and the corrected cl33-F8 clone (right). Scale bar: 10 pm. Abbreviations: CGD, chronic granulomatous disease; EB, embryoid body; IHC,
immunohistochemistry for GP91 protein; MMG, May—Grunwald Giemsa; NBT, NitroBlue tetrazolium assay; NET, neutrophil extracellular

trap; wt, wild-type.

embryoid body (EB) generation by the “hanging drop” method cytokines (IL-3, IL-6, and G-CSF) for additional 12 days. By a
[21]; step 2, after 6 days of suspension culture, EBs were seeded time-course flow cytometry analysis, we identified the day
on gelatin-coated tissue-culture wells in hematopoietic differ- within step 2 when the highest yield of granulocyte precur-
entiation medium supplemented with mouse hematopoietic sors were achieved. To do this, we focused on the recently
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Figure 6. Analysis of differentiated cells from the defective CGD-33 clone (left), wt clone (middle), and the corrected cl33-F8 clone
(right). (A): IHC with an antibody to GP91. The cells were counterstained with hematoxylin. Scale bar: 10 um. The histogram shows the
percentage of GP91 positive cells on the incorrect, wt, and corrected clones, respectively. ***, p < .001; n = 3. (B): NBT assay. The images
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tively. **, p < .01; *** p < .001; n = 3. (C): NET assay. Representative image of differentiated cells in absence (upper) or presence of
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characterized early proliferative neutrophil progenitors that are
able to generate colony-forming unit granulocyte (CFU-G) in
methylcellulose-based medium [28-30]. Flow cytometry analysis
using anti-CD45, cKit, CD11b, CD115, Ly6G antibodies revealed
that the highest frequency of CD45"cKit™CD11b*CD1157Ly6G™
neutrophil progenitors, was obtained at 14-18 days (Supporting
Information Fig. S3B, S3C). In step 3, purified cKit" cells con-
taining the highest number of neutrophil progenitors were
plated in methylcellulose-based medium (MethoCult), with the
addition of mouse G-CSF, to promote the differentiation toward
granulocytes and to evaluate the myeloid colony formation.
Myeloid colonies were observed after approximately 10-14 days
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of culture. Finally, colonies were picked up and pooled, and the
morphology and functionality of the differentiated cells were
analyzed.

The differentiation protocol was then applied to the un-
corrected and corrected CGD clones (Fig. 5A). As expected, in
the corrected cI33-F8, the presence of neutrophil progenitors
at day 18 was confirmed by flow cytometry analysis (Fig. 5B).
MGG staining of cytospin preparations of the differentiated
myeloid colonies revealed the presence of granulocytes at dif-
ferent stages of maturation in wt, uncorrected, CGD-33, and
the three corrected cl33-F3, cl33-F7, cl33-F8 iPSC clones (Fig. 5C
and Supporting Information Fig. S4A, S4B).
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We tested the rescue of GP91 protein by immunohisto-
chemistry: whereas in mature granulocytes differentiated from
the wt and the corrected cl33-F8 clone the protein was specifi-
cally detected, only minimal reactivity was found in the un-
corrected CGD-33 clone (Fig. 6A). In detail, Diaminobenzidine
(DAB) precipitates (GP91*) were found in more than 50% of dif-
ferentiated mature granulocytes from the wt and corrected
cells, whereas those derived from the uncorrected clone showed
positivity in less than 2%. Importantly, to test the functionality of
the differentiated cells, the NBT assay, allowing the detection of
the reactive oxygen species (ROS), was performed on cl33-F§,
cl33-F3, and cl33-F7. In all corrected clones as well as in the
wt iPSCs, formazan precipitates were observed, whereas, as
expected, they were not present in the differentiated
uncorrected CGD-33 clone (Fig. 6B and Supporting Informa-
tion Fig. S4A, S4B).

Furthermore, the NET assay was also performed. Neutro-
phils kill pathogens by phagocytosis, degranulation, and/or the
release of web-like structures called NETs that trap and kill
microbes. Neutrophils from CGD patients, who carry mutations
inactivating the NADPH oxidase, do not form NETs [31]. In
PMA-stimulated granulocytes differentiated from the corrected
cl33-F8, as well as from the wt, NET formation was observed,
whereas, as expected, it did not occur in the differentiated
uncorrected CGD-33 (Fig. 6C). NET formation in the PMA
stimulated granulocytes differentiated from the other two
corrected clones was also observed (Supporting Information
Fig. S4A, S4B).

Together, these data demonstrate that we were able to
obtain functional granulocytes and that the CT protocol is a
good approach to correct this kind of genetic defect involving
the X chromosome.

The recent introduction, among gene therapy options, of the
programmed nucleases allows for a precise and efficient cor-
rection of the most frequent genetic defects [32—-34]. However,
even with the prodigious CRISPR technology, several chromo-
somal aberrations cannot be rescued. Among these, we can
mention large deletions, aneuploidies, and other structural
complex abnormalities which can be treated only by novel
tools that can be defined as “chromosome” or “genomic ther-
apy” [1, 35].

We have recently introduced the concept of CT, referring
to the precise substitution of a defective endogenous chromo-
some with a normal exogenous one [1]. CT differs from chro-
mosome transfer because, although initiated by the well-known
technique of MMCT, it allows the generation of diploid normal
cells which have potential for quasi-autologous cell-based thera-
pies. Our previous experiments were performed on a mouse
ESC in which an X chromosome bearing the Hprt mutation,
responsible in humans for the Lesch—Nyhan disease, was suc-
cessfully corrected by CT.

Here, we perform a second step toward the translation
ability of this strategy, by performing a proof of principle study
on a mouse model of X-linked CGD, a human immunodefi-
ciency which has been the target of many attempts to gene
therapy [36, 37]. Viral vector-based trials for gene correction in
humans have been reported, but the occurrence of undesired
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events [38,39] and the concomitant introduction of program-
mable nucleases prompted the investigation of “gene editing”
approaches to more precisely correct the nucleotide defect in
iPSCs or directly in hematopoietic stem cells. We must empha-
size that correction of the CGD defect by programmable nucle-
ases in iPSCs from mouse model as well as human patients has
already been accomplished [40-44]. Likewise, production of
functional granulocytes from corrected or noncorrected human
and mouse CGD-iPSCs has already been reported [22,45].
Recently, Cas9-mediated repair has been successful in cor-
recting a missense mutation in hematopoietic stem cells from a
CGD patient [46], but even this approach would not be satisfac-
tory for the approximately 10%—15% of CGD patients with large
deletions, who could benefit from the approach described here.

We generated iPSCs from the Cybb~ mouse strain,
inactivated the endogenous Hprt gene to provide a selectable
marker, performed MMCT, and isolated X-transplanted clones
by HAT selection which spontaneously lost the endogenous
Hprt deficient X chromosome, thus restoring a XY diploid
genome. These cells were later forced to differentiate toward
granulocytes which were shown to be functional. Although the
efficiency of the CT approach is quite low, the few generated
iPSC clones can be expanded indefinitively toward the desired
lineage. As with all the strategies based on iPSCs, there is still
a long way to make this approach useful for the clinics, but we
believe that our results establish an important proof of princi-
ple for the usefulness of this kind of genomic therapy in
selected cases.

We demonstrated that with a previous inactivation of the Hprt
gene, the CT approach can be applied to iPSCs derived from a
CGD mouse model leaving no mark of the procedure. The
same approach could be, in theory, applied to every disease
located on the X chromosome. Among these, two relatively
frequent defects, the DD, and the Fragile X, could particularly
benefit from this approach. Recently, to cure the DD a CRISPR-
based strategy consisting on the skipping of mutated exons
has been proposed, but the resulting protein is not normal
and the disease is not completely cured [7, 8]. On the contrary,
our approach would allow a perfect restoration of the normal
dystrophin protein with all the regulatory regions intact, although
so far it can only be applied to iPSCs in vitro which cannot be
administered directly in vivo. However, iPSCs can be differenti-
ated to muscle cells and these could be inoculated in vivo, an
approach pursued by many laboratories [47]. Although CT on
human iPSCs has not yet been reported, recent improvements in
MMCT [48] could allow overcoming this difficulty and give rise to
progenies of autologous corrected cells from patients affected by
these devastating diseases for which conventional therapies are
still unsatisfactory.
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