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Abstract

Introduction—We report a boy who received two allogeneic stem cell transplantations from
umbilical cord donors to treat chronic granulomatous disease (CGD). The CGD was cured after
the second transplantation, but 2% years later, he was diagnosed with Duchenne muscular
dystrophy (DMD).

Methods—Examinations of his DNA, muscle tissue, and myoblast cultures derived from muscle
tissue were performed to determine whether any donor dystrophin was being expressed.

Results—The boy was found to have a large-scale deletion on the X chromosome that spanned
the loci for CYBB and DMD. The absence of dystrophin led to muscle histology characteristic of
DMD. Analysis of myofibers demonstrated no definite donor cell engraftment.

Discussion—This case suggests that umbilical cord-derived hematopoietic stem cell
transplantation will not be efficacious in the therapy of DMD without additional interventions that
induce engraftment of donor cells in skeletal muscle.
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Introduction

Individuals affected by chronic granulomatous disease (CGD)1+2 are vulnerable to recurrent,
life-threatening infections3. The X-linked variant is caused by mutations in CYBB,
Duchenne muscular dystrophy (DMD) is a severe, progressive muscle disease caused by
mutations in DMD, which encodes dystrophin®®. CYBB and DMD are located near each
other on Xp21.1, and large deletions involving both genes have previously been reported
and studied” 8.

Hematopoietic stem cell transplantation has successfully treated hematologic malignancies,
bone marrow failure, immunodeficiency syndromes, hemoglobinopathies, and inherited
metabolic diseases®~12. Unrelated-donor umbilical cord blood transplantation (WUCBT) is
curative in CGD13, A previous report described a boy who received a bone marrow
transplantation to treat X-linked severe combined immune deficiency (SCID)4. He was
later found to have a mutation indicating DMD, but he had a mild phenotype. A muscle
biopsy performed after transplantation demonstrated that his skeletal muscle myofibers had
a very small number of donor-derived nuclei, but numerous myofibers expressing
endogenous dystrophin by exon skipping, not from donor nuclei.

We report findings on a boy with DMD and CGD due to a large deletion on Xp21.1. Unlike
the previously reported case, he was treated with uUUCBT rather than bone marrow
transplantation prior to the diagnosis of DMD. Examination of his muscle tissue and cell
cultures derived from this tissue demonstrated no definite evidence of donor-derived
dystrophin protein and RNA expression, suggesting that improvements in either trafficking
or engraftment of donor cells into myofibers are required before stem cell transplantation
can be used to treat DMD.

Case Report

A full term infant boy was found to have lymphadenopathy, hepatosplenomegaly, elevated
liver transaminases, and staphylococcal skin infections. He was diagnosed with CGD based
on a nitroblue-tetrazolium test and mutation analysis of the CYBB gene. At 16 months, he
underwent uUCBT after preparation with myeloablative chemotherapy using fludarabine,
busulfan, cyclophosphamide, and anti-thymocyte globulin. Despite transplantation with a
5/6 HLA-matching, female, A+, cell dose of 8.53 x 107 nucleated cells/kg, he experienced
graft rejection and autologous reconstitution. Approximately two months after the first
transplant, he was given additional reduced intensity cytoreduction with alemtuzumab,
fludarabine, and cyclophosphamide and transplanted with a second, 4/6 matching, male, A+
donor umbilical cord blood graft delivering a cell dose of 6.87 x 107 nucleated cells/kg. He
gradually engrafted after the second transplant, and now maintains full (>98%) donor
chimerism over three years post transplant. He did not have evidence of graft-versus-host
disease, and his immune function normalized within one year of the second transplant. He
has not had a serious infection since engraftment.

The patient pulled to a stand and cruised by one year but did not walk until 2 years. The
delay was initially attributed to complications of his transplantations, but significantly
elevated creatine kinase levels were noted at 3%z years. At 4 years, he had a shuffling gait
with frequent tripping and falling, and he had difficulty rising from the floor.

His examination at 4 years was notable for hyperactivity, normal cranial nerves, mild
hypotonia, calf pseudohypertrophy, heel cord contractures, and a he used the Gower
maneuver to stand from the floor. These findings were unchanged at a follow-up
examination at 5 years, and he did not have any motor regression in the interval. Serum
chemistries demonstrated a creatine kinase level of 7,365 U/L [reference range 4-175],
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aldolase 89.9 U/L [3-12], alanine aminotransferase 648 U/L [3-30], aspartate
aminotransferase 274 U/L [2-40], lactate dehydrogenase 997 U/L [110-295], and gamma
glutamy!l transpeptidase 17 U/L [12-55].

The proband had a hemizygous deletion of the entire CYBB gene. His mother was a
heterozygous carrier, and his sister was not a carrier. High-resolution oligonucleotide array
testing was performed on stored pre-transplant leukocyte-derived DNA, demonstrating a
6.1Mb deletion from Xp11.4-Xp21.1 (31,590,828 — 37,676,556), which includes the 5’ end
of DMD, as well as FAM47A, TMEM47, FAM47B, MAGEB16, CXord22, CXorf59,
CXorf30, FAM47C, PRRG1, LANCL3, XK, CYBB, and DYNLTS3.

Materials and Methods

The proband, his mother, and his sister were enrolled in an institutionally-approved research
protocol and contributed DNA samples. The proband underwent a clinical skeletal muscle
biopsy, from which muscle tissue was obtained under the research protocol. This included
frozen muscle sections, as well as fresh muscle tissue that was used to initiate myoblast
cultures.

PCR-based mutation analysis was performed in both a clinical diagnostic laboratory and in a
research laboratory, the latter using a set of DMD primers requiring uniform thermocycler
conditions?®.

Immunohistochemistry was performed using standard techniques4 on consecutive 10um
sections of snap-frozen muscle tissue using previously generated rabbit polyclonal
antibodies: antibody 372 directed to dystrophin amino acids 76220448 (located within the
deleted region) at a dilution of 1:100; and antibody 373 targeted to amino acids 206031816
(a portion of dystrophin partially preserved in the proband) at a dilution of 1:2,000. A
laminin antibody (Millipore) was used as a positive control at a dilution of 1:800.

Myaoblasts were isolated and cultured from a sample of the patient’s fresh muscle tissue.
Mononuclear cells were dissociated in collagenase D/dispase 1116, Cells were expanded on
gelatin-coated plates in growth medium consisting of high-glucose DMEM supplemented
with 30% fetal bovine serum and 10 ng/ml basic fibroblast growth factor (bFGF). When
cultures reached 70% confluence, cells were switched to differentiation medium consisting
of low-glucose DMEM supplemented with 4% fetal bovine serum for 7 days.

Western blot analysis was performed on protein extracted from myoblast cultures using the
above antibodies, as well as Dys1 (amino acids 1181-1388, Novocastra) and Dys2 (amino
acids 3669-3685, the final 17 amino acids, Novocastra), diluted 1:1,000. A glyceraldehyde
3-phosphate dehydrogenase (GAPDH) antibody was used as a loading control.

Total RNA was extracted from differentiated cultures of the patient’s myotubes and control
human myotubes using the QIAGEN QIAcube system, and reverse transcribed to cDNA.
Reverse transcription polymerase chain reaction (RT-PCR) analysis was performed on
200ng and 500ng of cDNA using Applied Biosystems Tagman assays for dystrophin (DMD)
exons 43-44 (Hs00240712_ml) and exons 68-69 (Hs00187805_ml); with ACTAL
(Hs00559403_ml), GAPDH (Hs99999905 ml), and MYH3 (Hs01074230_ml) as control
assays.
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Mutation analysis

Histology

PCR demonstrated a hemizygous deletion in exons 1-53 of DMD in DNA obtained from the
proband’s skin fibroblasts prior to transplantation (Fig. 1) and after transplantation. There
was no deletion in DNA obtained from the proband’s leukocytes after transplantation. The
deletion was predicted to affect the actin-binding N-terminal domain and the rod domain but
not the dystroglycan-binding C-terminal domain (Fig. 2a). Promoters for the Dp116 isoform
(in intron 55) and the Dp71 isoform (in intron 62) were expected to be preserved. The
proband’s mother was found to be a carrier, but the sister was not.

Hematoxylin and eosin (H&E)-stained paraffin sections of skeletal muscle tissue
demonstrated rounded fibers with excessive variation in fiber diameter, basophilic
regenerating fibers, scattered fibers undergoing myophagocytosis and focal inflammatory
infiltrates. H&E-stained frozen sections additionally showed increased internalized nuclei,
atrophic and hypertrophic fibers, and increased endomysial connective tissue, typical of
DMD.

Immunohistochemistry

Staining for dystrophin with Dys1 (rod domain), Dys2 (C terminus), and Dys 3 (N terminus)
demonstrated one fiber that was positive for all three antibodies (Fig. 2b), but dystrophin
expression was otherwise absent in all sections examined. Stains for a-, B-,y-, and &-
sarcoglycan were variably reduced, and stains for p-dystroglycan, merosin, spectrin,
caveolin, and dysferlin were normal (data not shown). Twenty-six 10um serial sections of
the patient’s frozen muscle tissue were immunostained by alternating antibodies 372
(specific for donor-derived epitopes) and 373, either alone or in conjunction with the anti-
laminin antibody. One fiber positive for the 372 antibody was detected in 2 serial sections
(Fig. 2c, 2d), suggesting rare expression of donor-derived dystrophin.

Positive staining with the 373 antibody was seen in another myofiber in multiple sections
(Fig. 2e, 2f), however this myofiber was negative with the 372 antibody, suggesting that it
was likely expressing endogenous dystrophin. Laminin-2 control stains demonstrated intact
muscle sarcolemma (Fig. 2g).

Myoblast culture

RT-PCR

To address whether satellite cells of donor origin that could express full-length dystrophin
were present, primary myoblast cultures were expanded and allowed to differentiate, leading
to the formation of myotubes (Fig. 3a—c).

Immunostaining with antibodies 372 and 373 revealed complete absence of dystrophin-
expressing myotubes, suggesting that no satellite cells of donor origin or truncated
dystrophin protein of host origin were present (data not shown). Protein extracts from these
cultures were analyzed by western blot using 372, 373, Dys1, and Dys2 dystrophin
antibodies. There was no evidence of dystrophin in protein extracted from the patient’s
cultured myoblasts, while cultures from an unaffected control yielded a band at the expected
molecular weight (data not shown).

Quantitative PCR demonstrated that cultured differentiated myotubes from a control subject
expressed dystrophin exons 43-44 (Fig. 3d) and 68-69 (Fig. 3e), while the patient’s
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myotubes expressed only exons 68-69 (Fig. 3d—e). The expression of exons 68-69 was
lower in the patient compared to control, likely due to the presence of dystrophin isoforms
that are not primarily expressed in skeletal muscle. The control genes ACTAL, GAPDH, and
MYH3 were expressed at equal or greater levels in the patient compared to control (Fig. 3f).

Discussion

Cell-based therapeutic approaches to muscular dystrophy have encountered numerous
obstacles, due largely to inefficient engraftment of donor cells. Factors contributing to this
inefficiency included low survival of the donor cells, inadequate migration, and poor
fusionl’.

Among progenitor cells, bone marrow-derived cells have been shown to be capable of
fusing into myofibers. In mice, these progenitors are also able to transition into a phase in
vivo where they express markers characteristic of muscle satellite stem cells, suggesting a
possible re-programming prior to fusionl8. However, the frequency of these events is
extremely low. Our previous report also suggests that the fusion of donor cells to mature
muscle fibers is inefficient!?,

Umbilical cord blood cells (UCBC) are another source of stem cells, and are curative in
CGD13 and other blood-related diseases. Studies in mice suggest that UCBCs contain
progenitor(s) capable of contributing to skeletal muscle, but it is not known whether UCBCs
can contribute to skeletal muscle myofibers in humans!®. Our data indicate that by itself,
uUCBT does not lead to significant engraftment of donor cells into skeletal muscle, and did
not improve the phenotype of DMD.

It is not clear why blood-derived stem cells do not spontaneously engraft in skeletal muscle
tissue. Without further processing and selection, hematopoietic stem cells derived directly
from donors are heterogeneous, and a number of subpopulations have been identified, some
of which appear to have better myogenic potential than others. In mouse and dog models of
muscular dystrophy, some of these subpopulations have recently shown potential for
engraftment into skeletal muscles, including side population (SP) cells20—22,
mesangioblasts23, subpopulations of satellite cells2425, and myoblasts deficient in myoD25.
It would be interesting to determine whether subpopulations of umbilical cord cells have
greater myogenic potential than the population as a whole, and whether transplanting such
subpopulations may lead to novel candidates for cell-based therapy of muscular dystrophy.
However, those studies are beyond the scope of this work.

It is disappointing that stem cell transplantation did not serendipitously lead to a therapy for
DMD in our patient. However, it is tantalizing that donor-derived cells expressing normal
dystrophin are present in this patient’s circulation. Refinements in the selection of cell
subpopulations and interventions to facilitate engraftment of donor cells into skeletal muscle
tissue may, in the future, lead to the development of stem cell transplantation as a treatment
for DMD.

Acknowledgments

The authors wish to thank the patient and his family for participating in these research efforts and for sharing their
thoughts about therapeutic interventions. The DNA Diagnostic Laboratory at Children’s Hospital Boston assisted
with mutation analysis. Funding for this project was provided by: KO8 NS048180 (PBK), MDA114353 (BTD,
PBK), NIH/NINDS 5P50NS040828 (EG, LMK), the Howard Hughes Medical Institute (LMK), the Manton Center
for Orphan Disease Research (LMK), and the Bernard and Alva B. Gimbel Foundation (LMK).

Muscle Nerve. Author manuscript; available in PMC 2010 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kang et al.

Page 6

Abbreviations

bFGF basic fibroblast growth factor

CGD chronic granulomatous disease

DMD Duchenne muscular dystrophy

DMD dystrophin

GAPDH glyceraldehyde 3-phosphate dehydrogenase

H&E hematoxylin and eosin

RT-PCR reverse transcription polymerase chain reaction

SCID severe combined immune deficiency

UCBC umbilical cord blood cell

uuUCBT unrelated umbilical cord blood transplantation
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- = negative control (water)

— B = DMDBMT2 (patient DNA)
+ = positive control DNA

Figure 1.

Capillary electrophoresis image of PCR amplification products using dystrophin primers. No
PCR products are observed between exons 1 and 53 of dystrophin in DNA obtained from the
patient’s skin fibroblasts prior to transplantation, while normal exon products are observed
from exon 54 through exon 79. N, negative control; B, patient; P, positive control.
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Figure 2.

(A) Diagram of dystrophin protein with major regions and antibody epitopes illustrated. The
epitopes of antibodies 372 and Dys1 are entirely in the region of the patient’s deletion, while
antibody 373’s epitope straddles the boundary of the deletion, and Dys 2 binds to the C-
terminal domain. (B — G) Immunohistochemistry of sections of snap-frozen quadriceps
tissue obtained from the patient at 4 years of age. (B) A single muscle fiber stained positive
with Dys1 antibody, visualized using horseradish peroxidase. (C — D) A myofiber that
stained positive with the 372 antibody in 2 independent sections. (E — F) The 373 antibody
detected dystrophin expression in another myofiber in multiple sections. (G) Laminin-2
control antibody stains the sarcolemma diffusely in a representative section.
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Figure 3.

(A — C) Photomicrographs of the patient’s myoblast culture illustrating (A) the myoblasts in
proliferation medium, with formation of myotubes at (B) 2 days and (C) 7 days following
addition of differentiation medium. (D — F) Tagman RT-PCR analysis of cDNA reverse-
transcribed from RNA extracted from the patient and control subject’s myoblast culture after
differentiation. Standard Applied Biosystems protocols were used. (D) Expression of
dystrophin exons 43—-44 is low in control tissue and absent in the patient’s tissue (purple,
control). (E) Low expression of dystrophin exons 6869 is observed in both patient and
control tissue, with higher expression in control (purple, control; green, patient). (F) Control
assay for GAPDH (purple, control; green, patient) showed equivalent expression levels in
both patient and control tissue. Control assays for ACTAL and MYH3 demonstrated similar
results (data not shown).
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