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To be of therapeutic use, autologous stem cells derived from patients with inherited genetic disorders require
genetic modification via gene repair or insertion. Here, we present proof of principle that, for diseases asso-
ciated with dominant alleles (gain-of-function or haploinsufficient loss-of-function), disease allele-free ES
cells can be derived from afflicted individuals without genome manipulation. This approach capitalizes on
the derivation of uniparental cells, such as parthenogenetic (PG) ES cell lines from disease allele-free gam-
etes. Diploid mammalian uniparental embryos with only maternally (oocyte-) or paternally (sperm-)derived
genomes fail early in development due to the nonequivalence of parental genomes caused by genomic imprint-
ing. However, these uniparental embryos develop to the blastocyst stage, allowing the derivation of ES cell
lines. Using a mouse model for dominant beta-thalassemia, we developed disease allele-free PG ES cell lines
from the oocytes of affected animals. Phenotype correction was obtained in donor-genotype recipients after
transplantation of in vitro hematopoietic ES cell derivatives. This genetic correction strategy without gene tar-
geting is potentially applicable to any dominant disease. It could also be the sole approach for larger or more

complex mutations that cannot be corrected by homologous recombination.

Introduction

Potential therapeutic strategies for the treatment of inherited
genetic disorders include gene therapy, stem cell-based transplan-
tation approaches, and a combination thereof. Gene therapy via
the introduction of a therapeutic gene into target tissues, typically
by virus-mediated transfer, has, despite its simple concept, proven
difficult with respect to obtaining or maintaining curative gene
expression levels, ensuring tissue specificity, and avoiding side
effects such as genotoxicity and insertional activation (1, 2). Genetic
repair by homologous recombination in stem cells, particularly ES
cells and induced pluripotent stem (iPS) cells derived from somatic
cells, which are then utilized for tissue repair, provides another
perspective for disease treatment. Proof of principle for this con-
cept has been demonstrated in the mouse to repair the immune
deficiency-causing Rag2 mutation in ES cells derived by somatic
cell nuclear transfer (3) and treat sickle cell anemia via derivation
and genetic repair of iPS cells (4). However, gene repair or transgene
insertion by homologous recombination, which is easily achieved
in mouse, has proven considerably more challenging in human plu-
ripotent cells (5). Here, we describe an approach to gene repair that
capitalizes on the derivation of uniparental, such as parthenoge-
netic (PG), ES cell lines from the gametes of an afflicted individual.
Mammalian uniparental embryos with only maternally (oocyte-) or
paternally (sperm-)derived genomes fail early in development (6, 7),
due to the nonequivalence of parental genomes caused by genomic
imprinting (8). However, diploid uniparental embryos frequently
develop to the blastocyst stage and can give rise to ES cell lines (9,
10). As half of the gametes from patients with genetically dominant
diseases will not contain the mutant allele, the derivation of PG
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ES cell lines from patient gametes could provide a source of disor-
der-free, autologous cells for tissue repair; for example, in patients
with blood disorders resulting from autosomal dominance or hap-
loinsufficiency (11-16) or with autosomal dominant cancer pre-
disposition genes (17). PG ES derivation in the mouse can be very
efficient (18); and initial protocols from several laboratories have
established the practicality of deriving human PG ES cell lines (19,
20). PG ES cells can be MHC homozygous or can contain the full
MHC complement of a heterozygous oocyte donor (18, 19, 21).

To demonstrate the feasibility of producing and using uni-
parental ES cell lines according to this concept, we pursued the
derivation and therapeutic utilization of PG ES cell lines in a
mouse model for a dominant thalassemia. Mice heterozygous for
a deletion of both adult globin genes (Hbb-b1 and Hbb-b2 genes;
mutant allele termed Hbb"#) are phenotypically anemic, with low
hematocrit and red blood cell count, prominent anisocytosis and
poikilocytosis in blood smear preparations, high white cell count,
splenomegaly, and iron deposits in several organs and have been a
model for the more severe forms of human thalassemia intermedia
(22). Our previous data had demonstrated successful tissue repair
by uniparental, including PG, cells derived from WT donors in the
hematopoietic system (23). Here, we provide proof of principle for
gene repair without genome modification by the derivation of PG
ES cells from a thalassemic (Hbb"”* heterozygous) mouse, identi-
fication of PG ES cell lines without a mutation-bearing allele, and
correction of the thalassemic phenotype in oocyte donor-genotype
mice after transplantation of in vitro hematopoietic derivatives.

Results and Discussion

We derived PG ES cell lines for therapeutic utilization in a mouse
model for a dominant thalassemia as outlined in Figure 1. Unfertil-
ized metaphase II (MII) oocytes from Hbb*# heterozygous (C57BL/6
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Derivation and therapeutic utilization of PG ES cells. Experimental design. ES cell lines derived from Hbbt-4 allele—free PG zygotes generated
from oocytes of Hbb-4 heterozygous mice are differentiated into hematopoietic progenitor/stem cells in vitro and transplanted into donor-geno-
type recipients. Simplified representation of chromosomes carrying normal (red) and Hbbt# (blue, thin arrow) alleles; potential recombination

illustrated by color. PB, polar body, EB, embryoid body.

x 129S1)F; (designated B6129S1F1) female mice were chemically
activated in the presence of cytochalasin B, a drug that prevents sec-
ond polar body extrusion. The resulting parthenogenetic zygotes
were diploid, with 2 copies of the adult hemoglobin locus, i.e., either
homozygous for the normal Hbb allele (Hbb-b1 and Hbb-b2 genes;
termed Hbb"), Hbb"* homozygous, or Hbb* and Hbb** heterozygous
(Figure 1 and Supplemental Figure 1; supplemental material avail-
able online with this article; doi:10.1172/JCI45377DS1). ES cells
derived from PG zygotes not retaining the Hbb*# allele were then
differentiated into hematopoietic progenitor/stem cells in vitro
and transplanted into donor-genotype recipients.

In PG ES cells rendered diploid via second polar body retention,
the frequency of obtaining mutant allele-free uniparental embryos

Table 1

from heterozygous donors depends on the probability of meiotic
recombination at the desired locus, which is associated with the dis-
tance from the centromere (18, 24). For centromerically proximal
genes, the frequency is predicted to be 50%, while for distal genes,
the frequency approaches 25% (with 50% heterozygous and 25%
homozygous mutant). Of 13 PG ES cell lines derived from Hbb"+*
heterozygous females, 3 were Hbb*# allele-free, none homozygous,
and 10 heterozygous for the allele (Table 1 and Supplemental Fig-
ure 2A), consistent with recombination expected at the murine Hbb
locus located relatively centrally on chromosome 7, 50 ¢M from
the centromere. Two Hbb"*+ allele-free PG ES cell lines with normal
chromosome counts (Supplemental Figure 2B) were additionally
genotyped for MHC homo- or heterozygosity utilizing SNPs specific

Derivation of Hbb! allele—free PG ES cell lines from Hbb!-4/Hbb* heterozygous females

Oocyte genotype PG blastocysts,
n (% 2-cell embryos)
18 (48.1)

22 (75.9), 25 (75.8)

B6129S1F1 Hbb*/Hbb* (WT)
B6129S1F1 Hbb!"4/Hbb*
(heterozygous)”

10 (55.6)
8(36.4), 5 (20)

PG ES lines derived,
n (% blastocysts)

PG ES lines without
Hbb™4 allele, n (% lines)

PG ES lines heterozygous
for Hbht*-4 allele, n (% lines)

AMultiple-result entries in the same column indicate results from independent derivation experiments.
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Engraftment of in vitro hematopoietic derivatives of autologous PG ES cells in Hbb!-4/Hbb* mice corrects rbc phenotype. (A) Contribution of
PG ES cell derivatives to peripheral wbc after transplantation (tp) into Hbbt4 heterozygous (het; yellow lines) and WT littermate (blue lines)
recipients. Three recipients exhibited stable, long-term engraftment. (B) Blood smears of WT and heterozygous mice before and 4 weeks after
transplantation of PG ES cell derivatives. Original magnification, x40. (C) Forward/side scatter plots of rbc (red) from WT and het mice before
and 115 days after transplantation (arrow highlights cells outside a gate defined by properties of WT rbc).

to the parental strains of the hybrid oocyte donors (C57BL/6 and
129S1). Both lines were homozygous for 129S1 markers at all loci
tested centromeric to and including the MHC locus (10-37 million
bp on chromosome 17, including 2 SNPs within the MHC [his-
tocompatibility 2, blastocyst; and histocompatibility 2, M region
locus 3]; Supplemental Figure 2C). Therefore, with the exception
of minor histocompatibility antigens encoded elsewhere, both lines
are thus MHC homozygous for 129S1-derived alleles.

Ectopic expression of the homeodomain protein HOXB4 in dif-
ferentiating PG ES cell cultures was used to promote the formation
of adult-engrafting hematopoietic progenitor/stem cells (25). After
transplantation of ES cell-derived hematopoietic progenitor/stem
cells from WT control (N) and Hbb## allele-free PG ES cells derived
from heterozygous females into (C57BL/6 x 129SvEv)F; (designated
B6129SvEvF1) Hbb*/Hbb* (WT) and B6129SvEvF1 Hbb"*/Hbb*
(heterozygous) mice, recipients of both N and PG cell transplants
exhibited engraftment of ES cell derivatives, with more than 40%
and 20% contribution to peripheral wbc at 5 and 16 weeks after
transplantation, respectively (Figure 2A). We did not observe rejec-
tion of PG ES cell lines homozygous for the 12951 H-2 haplotype
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(H-2b9) in hybrid recipients heterozygous for 129SvEv (H-2") and
CS7BL/6 haplotypes (H-2%). The H-2P and H-2b< haplotypes are con-
sidered identical in the classical region but differ in the T region,
which could lead to graft-versus-host disease.

None of the recipients exhibited any pathology or tumor forma-
tion associated with the transplants. ES cell derivatives were present
in the erythroid lineage (Ter119-positive, Supplemental Figure 3A),
with minor contribution to lymphoid cells (data not shown), con-
sistent with observations of pluripotent stem cell-derived hemato-
poietic transplants (3, 4, 23, 25). Analysis of mouse strain-specific
variants of glucose phosphate isomerase 1 in total peripheral blood
(99% erythrocytes) revealed high levels of rbc replacement by ES
cell derivatives. In several recipients with moderate contribution of
ES cell derivatives to wbc, rbc were mostly ES cell-derived (Supple-
mental Figure 3B), suggesting selective donor-derived erythroid
replacement. Transplants of in vitro hematopoietic ES cell deriva-
tives in mouse models typically result in mixed chimerism (3, 23,
25), as seen here; however, due to a putative selective advantage of
the normal cells, this can be sufficient to reverse thalassemic phe-
notypes (26, 27). Hbb** heterozygotes with ES cell-derived engraft-
Volume 121
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Improvement of hematologic values in transplanted thalassemic mice. Exam-
ples of values from nontransplanted WT and Hbb!-4 heterozygous mice; and
from WT and het recipients after transplantation of in vitro PG ES cell deriva-
tives, with 30%—80% ES cell—-derived contribution to wbc. wbc data are present-
ed as 103/mm?; rbc, as 10%/mm3; hemoglobin (HGB), g/dl; hematocrit (HCT),
%; mean corpuscular volume (MCV), fl; mean corpuscular hemoglobin (MCH),

pg; mean corpuscular hemoglobin concentration (MCHC), g/dl.

ment exhibited normal rbc morphology (Figure 2B). Compared
with the rbe population of normal mice with distinct forward and
side scatter characteristics visualized by fluorescence-activated cell
sorting (FACS), rbc from Hbb"** heterozygotes are characterized by
amuch broader distribution in size, apparent in the wider distribu-
tion in forward scatter (Figure 2C). Hbb"* heterozygous recipients
with engraftment of PG ES cell hematopoietic derivatives exhib-
ited correction to an rbe size distribution similar to that in normal
mice (Figure 2C). Evaluation of hematologic parameters revealed
improvement of parameters that were abnormal in Hbb"# hetero-
zygotes, including low hematocrit, low rbc, and low mean corpus-
cular hemoglobin. These values were normal in heterozygous ani-
mals with engraftment of either autologous PG ES cell (Figure 3) or
N ES cell-derived transplants (data not shown). Pathology indi-
cated reduction of splenomegaly as well as absence of extramedul-
lary hematopoiesis and iron deposits in spleen and kidney charac-
teristic for Hbb™* heterozygous animals (Supplemental Figure 3C,
and data not shown). In summary, we observed long-term rever-
sion of the thalassemic phenotype in Hbb# heterozygous recipi-
ent mice with engraftment of PG ES cell in in vitro hematopoietic
derivatives. Consistent with previous observations, the absence of
imprinting-associated phenotypes after transplantation of unipa-
rental ES cell derivatives into the hematopoietic system may be due
to inconsequential levels of expression of imprinted genes (23),
but could also reflect selection of cells that are epigenetically more
similar to normal cells (28).

The approach described here utilizes the incidence of homozy-
gosity in PG ES cells in order to eliminate an unwanted allele pres-
ent in the heterozygous gamete donor. We have previously dem-
onstrated that at least for hematopoietic tissues, the epigenome
of uniparental ES cell differentiated into blood does not limit
the therapeutic outcome (23). The extent to which the increase in
homozygosity may result in incidence of homozygosity at deleteri-
ous recessive alleles is unknown, but the estimate of lethal alleles
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in humans is surprisingly low (0.7 per gamete, ref. 29),
based on consanguinity data; and the relevance of these
recessive alleles would be predictably much lower in indi-
vidual adult tissues.

Human pluripotent cells derived from embryos are
potentially the optimal choice in terms of differen-
tiation potential and safety, at least until the fidelity of
reprogramming in iPS cells can be resolved (30). Gamete
selection to generate zygotes and ES cells that are disease

- allele-free may be the only solution for large or complex
deletions that are poorly defined or not amenable to cur-
rent gene therapy approaches or in vitro gene modifica-
tion. If they are MHC-homozygous, such PG ES cell lines
could be immune compatible with the patient’s offspring,
and potentially with a wider proportion of the population
(31). In the case of recessive diseases, MHC-homozygous,
disease-free PG ES cells derived from donated oocytes
from a heterozygous mother may also generate useful plu-
ripotent cells for treatment in their affected offspring.

In summary, the derivation of uniparental ES cell lines
can be utilized to obtain autologous stem cells devoid of
undesirable alleles. An inverse approach, deriving ES cell
lines with homozygosity of alleles heterozygous in the
gamete donor, could also be employed to derive pluripo-
tent stem cell lines homozygous for lethal alleles that can
be used for in vitro assays and drug discovery.

Methods

PG ES cell derivation and characterization. Animals were maintained and used
for experimentation according to the guidelines of the Institutional Ani-
mal Care and Use Committee of the University of Pennsylvania. PG ES cell
lines were derived from unfertilized MII oocytes from B6129S1F1 Hbb**
heterozygous females as described previously (32) and characterized as
described in Supplemental Methods.

Transplantation. ES cells were in vitro differentiated as described (23, 25),
and 1 x 10° to 2 x 106 cells per recipient transplanted into lethally irradi-
ated (9.5 Gy), NK-depleted (anti-asialo GM1 [Wako] i.p. injected 24 hours
before transplantation) B6129SvEvF1 Hbb** heterozygous and WT mice.

Recipient analysis. ES cell contribution and blood lineage analyses were
performed as described previously (23) and as described in Supplemental
Methods. Forward and side scatter characteristics of rbc were determined by
low-speed analysis (FACScan, BD) of peripheral blood diluted 1:50 into PBS.
Peripheral blood hematology values were obtained using a SCIL analyzer.
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