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Title of Dissertation: Using Disease-Specific Induced Pluripotent Stem Cells to
Understand the Etiology of the Hematopoietic Defects in Gaucher Disease
Judi Azevedo Sgambato, Doctor of Philosophy, 2014
Dissertation Directed by: Ricardo A. Feldman, PhD., Associate Professor, Department of
Microbiology and Immunology

Gaucher disease (GD) is the most common lysosomal storage disease, resulting
from mutations in the gene encoding the lysosomal enzyme, glucocerebrosidase (GCase).
GCase deficiency results in the lysosomal accumulation of sphingolipids, primarily in
macrophages and neurons leading to multi-organ pathology including
hepatosplenomegaly, bone disease, neurological symptoms, and cytopenias. It is
currently unclear whether the hematopoietic abnormalities of GD are due to an inherent
defect in the hematopoietic stem cell population or are a consequence of the other
pathological manifestations. To investigate the potential effects of GCase deficiency on
hematopoietic progenitor cells (HPCs), we generated GD-HPCs from induced pluripotent
stem cells (GD-iPSCs) representing all 3 clinical subtypes of GD. We found no
differences in the efficiency of GD-HPC generation or the kinetics of hematopoietic
marker expression compared to controls, suggesting that the consequences of enzyme
deficiency lie downstream of the generation of the HPC pool. We assessed the
multipotency of GD-HPCs through colony formation assays, liquid differentiation
protocols, and flow cytometry.	
  Examination of the lineage potential of GD-HPCs by

these methods revealed skewed commitment to the myelo-erythroid lineage with
increased myeloid differentiation and decreased erythroid differentiation. This decreased
erythroid differentiation could account for the anemia present in patients. The increased
myeloid differentiation may represent a mechanism to compensate for the accumulation
of dysfunctional lipid-laden macrophages. Supplementation of the mutant HPCs with
recombinant enzyme restored GD-HPC myelo-erythroid multipotency, demonstrating the
direct role of GCase enzyme activity in HPC lineage specification. Enzyme deficiency
also impaired megakaryocytepoiesis, reflecting the thrombocytopenia found in patients.
Interestingly, GD-HPCs also gave rise to conspicuous lipid-laden macrophage cells.
These cells are reminiscent of hallmark Gaucher cells found infiltrating patient tissues,
for the first time suggesting the direct derivation of Gaucher cells from HPCs. Together,
these findings offer unique insights into the importance of GCase enzymatic activity in
HPC multipotency and suggest that enzyme deficiency within this population could
account for the cytopenias present in GD patients. Additionally, they suggest a unique
origin for the lipid-laden Gaucher cells central to GD pathology.
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Chapter 1: Introduction
1.1 Gaucher disease
Gaucher disease (GD) is the most prevalent of a group of disorders referred to as
lysosomal storage diseases (LSDs), which collectively account for ~1:5,000 live births 1 .
Lysosomes are important cellular organelles that serve as the main site of intracellular
digestion of subcellular materials and macromolecules through the activity of a wide
range of acid hydrolases 2 . Inherited mutations in lysosomal hydrolytic enzymes or other
proteins central to lysosomal function lead to the accumulation of undigested lipids
resulting in over 50 different LSDs 1 . Despite their defined monogenic nature, LSDs are
far from simple and present with a wide range of pathologies, including neurological and
hematologic defects, hepatosplenomegaly, bone disease, heart and kidney injury, and
muscle pathology 3,4 . In the present body of work, we investigated the etiology of the
hematopoietic defects present in GD.
1.1.A Molecular biology of GD
GD results from mutations in the gene encoding the lysosomal membraneassociated enzyme, glucocerebrosidase (GCase). The gene encoding GCase, GBA,
consists of 11 exons and 10 introns. Additionally, there is a highly homologous
pseudogene located 16kb downstream 5 . This pseudogene shares 96% sequence identity
and complicates analysis and identification of GBA mutations, but no functional protein
is transcribed due to numerous mutations that generate premature stop codons 6 . Over
300 mutations in GBA have been defined that lead to GD 7 . GD is most prevalent within
the Ashkenazi Jewish population where 6.8% of the population are carriers for this
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autosomal recessive disorder 8 . The frequency in the general population is ~1:40,000 9 .
One of the most frequent mutations in GBA is the point mutation N370S, which accounts
for ~75% of the mutant alleles in Jewish patients and ~30% in non-Jewish patients 8 .
Additional common mutations include the point mutations L444P and R463C.
Recombination events with the pseudogene are also common 5 .
GCase mRNA is expressed in all nucleated mammalian cells at varying degrees, with
the highest expression in neurons and epidermis 6,10 . There are two known promoters
within GBA which govern transcription 12 , and the transcription factors OCTA binding
protein (OBP), AP-1, PEA3, and a CAAT binding protein (CBP) have been found to
regulate expression 13 . Additionally, transcription factor EB (TFEB), which plays an
important role in lysosomal homeostasis, has been found to regulate the expression of
GBA 14 . Translational regulation is modulated by an 80kDa cytoplasmic protein, termed
translational control protein 80 (TCP80). TCP80 was found to bind to a 180-nucleotide
region of GCase mRNA and interfere with polyribosome binding, thus inhibiting
translation 15 .
Mature GCase protein consists of 497 amino acids, 13% of which are basic, and is
synthesized on ER-bound polyribosomes 6,16 . The NH2-terminal signal sequence is
cleaved during translocation to the ER, and glycosylation occurs on four conserved
asparagine residues 6 . Glycosylation promotes proper protein folding in the ER via
association with ER chaperones, and transition through the Golgi results in further
oligosaccharide processing 6,17 . Unlike most lysosomal enzymes, GCase does not contain
mannose-6-phosphate residues and therefore is not transported to the lysosome via this
pathway, suggesting a peptide sequence-mediated targeting mechanism 18-20 . Instead,
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GCase has been found to associate with the lysosomal integral membrane protein type 2
(LIMP-2) which acts as a chaperone 21 . This association is pH-dependent; GCase binds
to LIMP-2 at the neutral pH of the endoplasmic reticulum and dissociates from it at the
acidic pH of the lysosome 21 . In this way LIMP-2 acts as the sorting receptor for
targeting GCase to the lysosome via clathrin-coated vesicles and the lysosomal
membrane protein delivery pathway 21 . Once in the lysosome, GCase is closely
associated with the lysosomal membrane via the negatively charged phospholipid (NCP)
head groups present at the inner face of the lysosomal membrane. Binding of GCase to
NCPs results in a conformational change to its catalytically active form 6,10 . Additional
activation of GCase by the coenzyme Saposin C is required for hydrolytic activity 10 .
Mutations in GCase, which lead to GD, interfere with protein processing and
trafficking to the lysosome 22 . The oligosaccharide processing that occurs during
transition through the Golgi renders these N-glycan chains resistant to treatment with
endoglycosidase-H (endo-H). While ~90% of wild-type GCase is endo-H resistant,
mutant GCase is endo-H sensitive 22,23 , indicating that mutant GCase does not pass
through the Golgi and thus does not reach the lysosome. Enzymes that are misfolded and
remain in the ER are targeted for degradation via the ER-associated degradation (ERAD)
pathway 2,24 . This process involves the recognition of misfolded proteins via the status of
N-glycans, which are cyclically processed on unfolded proteins such that a glucose
moiety is continuously removed and added to oligosaccharides on unfolded proteins 2,24 .
Chaperones assist in the retrotranslocation of the misfolded protein out of the ER where
they undergo ubiquitination and proteasomal degradation 2,25 . Mutant GCase interacts
with the chaperone calnexin, which recognizes misfolded proteins via their
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monoglucosylated N-glycan chains, and undergoes proteasomal degradation 22 . It was
also found that mutant GCase fails to interact with the chaperone TCP1, which plays a
role in proper protein folding and quality control 26 . The decreased interaction between
mutant GCase and TCP1 could contribute to its misfolding in the ER. Conversely, mutant
GCase exhibits increased binding to an ubiquitin ligase, c-Cbl, suggesting that this
interaction targets mutant GCase for proteasomal degradation 26 . Mutant GCase has also
been shown to interact with the ubiquitin ligase parkin, which is mutated in the autosomal
recessive form of Parkinson disease 27 .
1.1.B Pathology
GCase is responsible for cleaving the β-glucosidic linkage of the sphinogolipid
glucosylceramide (GlcCer) to generate glucose and ceramide. GlcCer is an important
lipid membrane constituent where it plays a role in the endocytic pathway via lipid rafts.
In addition, it serves as an intermediate in the degradation of more complex
glycosphingolipids 16,28 . Mutations in GCase that lead to decreased lysosomal enzymatic
activity results in the accumulation of GlcCer. Cells of the mononuclear phagocyte
system, which must digest the lipids of phagocytosed cells, are particularly sensitive to
decreased GCase activity and accumulate large amounts of undigested GlcCer 29 . GD is
classified into three distinct types based upon the clinical presentation of the disease, as
there is no clear genotype-phenotype correlation. Type 1 GD is the most common and
chronic form of the disease, affecting ~90% of patients, and presents with a wide range of
symptoms and severities ranging from asymptomatic to child-onset disease 29,30 . Patients
with Type 1 GD typically present with hepatosplenomegaly, anemia and
thrombocytopenia, and bone complications including osteopenia, lytic lesions, and
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osteonecrosis 29-31 . The common N370S mutation previously mentioned, is protective
against neurological involvement and is thus indicative of Type 1 GD 7. Type 2 GD is
defined as the acute infantile neuronopathic form of GD with patients developing severe
neurological impairment, in addition to the visceral symptoms previously mentioned,
resulting in death within the first 2-3 years of life 30,32 . Type 3 GD is the subacute,
chronic, neuronopathic form of GD that presents later in life. In addition to the visceral
disease manifestations, Type 3 GD patients present with neuronologic complications
including abnormal eye movements, dementia, and seizures 32 . Mutations in GBA have
also been linked to an increased risk of developing Parkinsonism and are now considered
the highest known risk factor for developing Parkinson’s disease 33 . The causal
mechanisms between this relationship are still unclear but could involve gain-of-function
activities of the accumulated misfolded protein, impaired autophagy, or altered lipid
homeostasis 34 .
1.1.B.1 Gaucher Cell
The characteristic hallmark of GD is the presence of lipid-engorged macrophagederived cells termed Gaucher cells. The identification of these cells, which are found
infiltrating patient tissues including the bone marrow, liver, spleen, and lymph nodes,
serves as a diagnostic tool 29,35 . Additionally, the infiltration of these cells into patient
tissues is believed to be central to disease pathology. Gaucher cells are large cells, 20100µm in diameter, with eccentrically located nuclei, and characteristically striated
cytoplasm 35,36 . The macrophage origin of these lipid-engorged cells has been well
characterized, including the identification of pre-Gaucher cell monocytes 35 . Gaucher
cells also express macrophage surface markers, including CD14 and CD68 37 , and are
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phagocytic 38,39 . The accumulation of GlcCer, due to the inability to digest the lipid
membrane of phagocytosed red blood cells (RBCs), leads to the alternative activation of
these cells and the secretion of inflammatory cytokines 40 . Together, the infiltration of
these cells into patient tissues and their secretion of cytokines are believed to be central to
the visceral and hematopoietic defects in GD and suggest perturbations in the myeloid
lineage.
1.1.B.2 Hematologic abnormalities
The hematopoietic consequences of GD include thrombocytopenia, which affects
60% of patients, and anemia which affects 36% of patients 41 . In addition to anemia,
there is a high frequency of RBCs with abnormal morphology in GD patients 42,43 , which
may contribute to increased erythrophagocytosis 39 . GD-RBCs also exhibit enhanced
aggregation 43,44 and an increased disaggregation threshold 43 , which together could also
contribute to heightened erythrophagocytosis. GD patients also exhibit up to 50-fold
increased risk of developing multiple myeloma 41,45 , and this is the leading cause of death
in GD 46 . It has been proposed that the increased incidence of multiple myeloma is due to
increased production of IL-1β, TNF-α, and other inflammatory cytokines by bone
marrow-infiltrating Gaucher cells 41,47 . The molecular mechanisms leading to the
hematopoietic manifestations in GD are currently poorly understood. Historically,
cytopenias were believed to be due to hypersplenism 48 ; however there is no correlation
between disease severity and degree of splenomegaly, and often times cytopenias persist
following splenectomy 41,48 . The infiltration of Gaucher cells into patient tissues,
including the bone marrow, is believed to be central in the pathophysiology of GD 49 and
could contribute to hematopoietic abnormalities. In this view, overly active phagocytic
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macrophages may cause a reduction in circulating RBCs and other hematopoietic cells,
leading to cytopenias. Additionally, the bone marrow infiltration of the Gaucher cells and
their secretion of cytokines in this niche could interfere with normal hematopoiesis.
However, it is also possible that developmental abnormalities within the mutant
hematopoietic stem/progenitor cell population are responsible for, or contribute to the
hematologic manifestations in patients. Investigations into the direct effects of enzyme
deficiency on the developmental potential of hematopoietic progenitors have been limited
as this requires obtaining sufficient quantities of patient-derived material, in particular
CD34+ cells from bone marrow. Recently, Lecourt et al. investigated the multipotency of
bone marrow CD34+ hematopoietic progenitor cells (HPCs) isolated from patients with
Type 1 GD 50 . This study found no differences in primitive or mature hematopoiesis
between control- and patient-derived HPCs. However, this study was limited to patients
with the milder Type 1 GD, most likely due to the difficulty in procuring HPCs from
pediatric populations with the more severe Types 2 and 3 GD. The direct effects of
GCase deficiency on the multipotency of HPCs from Types 2 and 3 GD have not been
addressed. Earlier studies by the same group have used a chemical inhibitor of GCase,
conduritol B epoxide (CBE), to investigate the hematopoietic consequences of enzyme
deficiency 51 . These studies found impaired erythroid and myeloid differentiation
following the inhibition of wild-type GCase in CD34+ HPCs. The authors concluded that
the discrepancy between their two studies was a result of the residual enzymatic activity
in Type 1 GD patients compared to the near complete enzyme inhibition (99%) using
CBE. This explanation is supported by our results, presented here, which show that HPCs
from Types 2 and 3 GD give a stronger in vitro phenotype than Type 1 GD. Additionally,
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the authors acknowledged that the 99% GCase enzyme inhibition by CBE treatment is
much higher than the levels of inhibition that are seen physiologically. Type 1 GD
patients retain 10-30% residual GCase enzyme activity 51 . The results of these previous
studies highlight the need for new disease models that more accurately recapitulate the
disease phenotype in vitro. To this end, we took advantage of reprogramming technology
and the ability of iPSCs to differentiate into HPCs, which we used to address the
consequences of GCase deficiency on hematopoiesis in a physiologically relevant model.
1.1.C Treatment
Historically, bone marrow and, more recently, hematopoietic stem cell (HSC)
transplantation had been used as an effective therapy for GD. This cellular
complementation of the hematopoietic system restores the enzymatic activity of
macrophages and leads to the improvement of visceral symptoms 29,52,53 . However,
limitations of finding suitable donors and procedural risks associated with bone marrow
and HSC transplantation, spurred investigations into alternative therapies. GD was the
first LSD for which enzyme replacement therapy (ERT) became an effective therapeutic
option 54 . ERT involves enzyme replacement with an exogenous supply of the missing
enzyme. The modification of recombinant human GCase (rGCase) to expose mannose
residues enabled targeting of the enzyme to the lysosomes of macrophages via the
mannose receptor pathway 54,55 . Currently, there are three approved recombinant forms
of GCase used for ERT: imiglucerase derived from Chinese hamster ovary cells
(Cerezyme, Genzyme), Velaglucerase alfa derived from human fibrosarcoma cells
(VPRIV, Shire), and Taliglucerase alfa derived from carrot cells (Elelyso, Protalix and
Pfizer) 56 . While highly effective at treating the visceral symptoms of Type 1 GD,
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rGCase is unable to cross the blood-brain barrier, limiting its utility for treatment of the
neurological forms of GD. Additionally, the requirement for expensive, bi-weekly
intravenous transfusions for ERT highlights the need for alternative therapies 29,57 .
Substrate reduction therapy (SRT) is an alternative approach for treating LSDs including
GD that involves decreasing the amount of accumulated lipid by inhibiting its synthesis.
Miglustat (Zavesca, Actelion) is an approved inhibitor of GlcCer synthase that has been
demonstrated to be effective in treating the visceral symptoms of GD 58 . However,
despite permeability in the blood-brain barrier, treatment with Miglustat did not improve
neurological symptoms 9 . Additionally, adverse side effects, including gastrointestinal
issues and paresthesias, have been reported with Miglustat treatment 56 . Another SRT,
Eliglustat (Genezyme), is currently undergoing phase 3 clinical trials however, Eliglustat
is unable to cross the blood-brain barrier 9 . Another therapeutic option is enzyme
enhancement therapy (EET), which involves the use of molecular chaperones to enhance
the folding and transport of GCase by binding the mutant enzyme at the neutral pH of the
ER and Golgi and dissociating at the acidic pH of the lysosome 29,56,59 . One such
chaperone, Isofagomine (Amicus Therapeutics and Shire), was demonstrated to be
effective in increasing GCase activity in a mouse model of GD 60,61 however, human
clinical trials did not result in clinical benefit 9,56 . The future of therapy for LSDs,
including GD, may lie in cell and gene therapy options, as these are potentially curative
interventions 62,63 . The effectiveness of gene therapy for GD has been demonstrated in
mouse models where retroviral vectors were utilized to transduce HPCs, leading to
restored enzymatic activity within the myeloid lineage 64-66 . Human CD34+ HPC from
GD patients have also been successfully transduced with wild-type GCase to restore
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enzymatic activity 67,68 . Recent advances in genome editing technologies have greatly
improved the targeted delivery of transgenes 69,70 , offering new potential for the
therapeutic application of these cells. However, much work needs to be accomplished
before these therapies will be an effective and safe therapeutic option for patients.
1.1.D Disease modeling
Patient skin fibroblasts are easily obtainable and have been utilized extensively
for investigating the molecular mechanism underlying GD. Recently, work using patient
fibroblasts, and also confirmed in a Drosophila model, demonstrated the activation of the
unfolded protein response as a result of ER stress caused by misfolded mutant protein.
These observations suggest that the activation of the unfolded protein response could lead
to cell death and contribute to the development of Parkinson’s disease seen in some GD
patients 71 . Skin fibroblasts have also been used to demonstrate the effectiveness of a
pharmacological chaperone, Ambroxol, to increase lysosomal GCase and the enzymatic
activity of 5 GCase mutant variants 72 . However, fibroblasts are not the cell type most
severely affected in GD and they do not accumulate lipid to the extent of myeloid
phagocytic cells, which limits their utility as an accurate disease model.
Attempts at generating a mouse model of GD proved challenging as GCase gene
knock-out was neonatal lethal due to skin permeability problems, while knock-in models
harboring specific point mutations failed to recapitulate the disease phenotype 73 . The
conditional deletion of GCase exons 9-11 after birth in cells of the hematopoietic and
mesenchymal lineages resulted in a GD mouse model that accurately recapitulated the
lipid storage, formation of Gaucher cells, splenomegaly and anemia present in GD 74 .
This mouse model also exhibited bone defects that mimic those seen in patients 75 , and
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has been utilized to investigate the role of GCase in immune cell function 76 as well as
for transcriptomic analysis 77 . Additionally, the conditionally targeted GD mice develop
B cell lymphoma and myeloma, both of which are comorbidities associated with GD 78 .
However, this model has not been utilized to address the question of whether the
hematologic abnormalities observed are due to intrinsic defects in the hematopoietic
lineage.
Our lab has used induced pluripotent stem cells (iPSCs) as a model for GD. As
described in detail below, in this system, somatic cells are reprogrammed to the
pluripotent state through the forced expression of transcription factors identified as the
master regulators of pluripotency 79,80 . The pluripotent nature of iPSCs offers the unique
advantage of deriving human cell types that are otherwise difficult to obtain. In addition,
their self-renewal properties provide an almost inexhaustible source of cells for in vitro
disease modeling and drug discovery.
1.2 Induced pluripotent stem cells – Adapted from Tinkering with transcription
factors uncovers plasticity of somatic cells 81
1.2.A History of reprogramming
Normal development entails the differentiation of cells through a series of
developmental stages, culminating with the myriad of specialized cell types that make up
an organism. While this process is normally unidirectional and irreversible, nuclear
transplantation experiments carried out more than a half century ago demonstrated that
cell fate could be manipulated experimentally. The first indication that cellular
differentiation can be reversed was the generation of a healthy tadpole following the
transplantation of a blastula cell nuclei from a frog into enucleated eggs of the same
11

species 82 . This demonstrated that unknown factors present in the cytoplasm of the
recipient egg were capable of providing reprogramming instructions to the transplanted
nucleus. The subsequent discovery that the transfer of a nucleus from a fully
differentiated frog intestinal cell into unfertilized enucleated eggs could lead to the
development of a normal frog 83 , further demonstrated that cell differentiation was not as
unidirectional or irreversible as originally thought. Instead, differentiation must be the
result of changes in nuclear gene expression as opposed to the permanent inactivation or
loss of genes 84 . This suggested the existence of cellular factors that were capable of
governing cell fate. Cell fusion experiments supported this idea and further demonstrated
that differentiated cells contain cytoplasmic regulatory molecules that can alter gene
expression patterns in the nuclei 84 . In 1987 it was shown that forced expression of the
muscle-specific gene MyoD was sufficient to convert mouse fibroblasts into myoblasts 85.
These experiments were the first to demonstrate that transcription factors were capable of
acting as master regulators of cell fate by altering gene expression patterns. The
realization that cells could be forced to change lineages through the exogenous
expression of cell type-specific master regulators, foretold the advent of reprogramming
technology.
1.2.B Induced pluripotent stem cells
In 2006, Yamanaka and colleagues at Kyoto University showed that adult somatic
cells could be dedifferentiated to a primordial embryonic pluripotent state by ectopic
expression of four transcription factors, namely Oct3/4, Klf4, Sox2, and c-Myc. The
retroviral delivery of these factors was sufficient to convert both mouse and human
fibroblasts into induced pluripotent stem cells (iPSCs) 79,80 . These iPSCs exhibited
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similar colony morphology to human embryonic stem cells (ESCs) and expressed ESCspecific markers. The global gene expression profiles of iPSCs was similar to the profile
of ESCs and distinct from the expression profiles of the parental fibroblasts. Pluripotency
was assessed in vitro by the ability of iPSCs to differentiate into cell lineages of all three
germ layers. Their in vivo pluripotency was determined by the formation of teratomas
containing derivatives of all three germ layers in nude mice. The pluripotent nature of
mouse-derived iPSCs was further confirmed by the formation of germ-line competent
chimeras 86 , and by the generation of viable, fertile progeny by tetraploid
complementation 87 . For obvious reasons, the pluripotency of human iPSCs cannot be
assessed based on the ability to generate chimeras. Instead, the assessment of human
iPSC pluripotency relies on in vitro differentiation assays and their ability to form
teratomas in vivo. However, it is important to note that teratoma formation is not
indicative of complete reprogramming as some mouse iPSCs are capable of forming
teratomas but are unable to produce germline chimeras 88 . In the future, it will be
important to develop assays for the selection of fully reprogrammed human iPSCs.
The generation of iPSCs is now a very active and exciting area of research as
these cells have substantial implications for both basic research and regenerative
medicine. The ability of patient-derived iPSCs to self-renew extensively and to
differentiate into virtually any cell type makes them suitable for modeling somatic and
inherited diseases. Diabetes, heart disease, retinal disease, Parkinson’s disease,
Alzheimer’s disease and inherited disorders are just a few examples of the types of
ailments that could benefit from iPSC technologies 88 . While iPSCs are unique reagents
for use in disease modeling, drug discovery and assessment of drug toxicities 89 , the most
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promising application of patient-derived iPSCs is their potential use for autologous tissue
repair.
1.2.C Are ESCs and iPSCs indistinguishable?
When defining fully reprogrammed iPSCs, it is common to compare these cells to
ESCs. Reprogrammed iPSCs are characterized based upon their global gene expression
profile, chromatin configuration, the methylation status of pluripotency-associated
promoters, reactivation of the silent X chromosome, and by the expression of
pluripotency markers 90 . While iPSCs and ESCs appear to be nearly identical in many of
these properties, some studies have suggested that these two cell types may not be
indistinguishable. Analysis of the global gene expression profile of early and late-passage
human iPSCs determined, that although similar, iPSCs retain a unique gene expression
signature and methylation pattern. It is unclear whether these differences are the result of
laboratory-specific differences 91,92 or inherent variation between iPSC and ESCs 93-96 .
Another concern regarding the use of ESCs and iPSCs is defining their precise
pluripotent state. Two distinct states of pluripotency have been defined, naïve and primed
97,98

. Inner cell mass-derived ESCs are termed “naïve,” and these cells are capable of

giving rise to all lineages and germ cells 98 . Additionally, in the naïve state, female cells
retain two active X choromosomes. This is in contrast to cells derived from the
postimplantation epiblast which are termed “primed” as these cells have undergone X
choromosome inactivation and represent a more mature state of pluripotency 97,98 . While
culture conditions have been defined which support the maintaince of the mouse ESCs in
a naïve state, only recently have the conditions required for mantaining human ESCs and
iPSCs in a naïve state been defined 99 . These new culture conditions establish new
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potential for the use of human pluripotent cells in regenerative medicine and disease
modeling.
1.2.D Somatic cells are quite amenable to reprogramming
iPSC generation from fibroblasts is a very inefficient process, with only ~0.02%
of the cells showing successful reprogramming 79 . This prompted investigation into the
mechanisms involved in reprogramming and a search for alternative cell types that may
be reprogrammed at higher efficiencies 100 . In general, it was found that when a somatic
cell already expresses endogenous reprogramming factors, iPSC generation is easier and
may require fewer ectopic factors. For instance, human neural stem cells (NSCs) isolated
from human fetal brain tissue express high levels of Sox2 and were reprogrammed using
two factors (Oct4 and Klf4) and one factor (Oct4)

101

. A more readily accessible

alternative to NSCs are human melanocytes, which are of the same neuroectoderm origin
as NSCs and also express high levels of endogenous Sox2. Melanocytes isolated from the
skin can be reprogrammed by exogenous expression of Oct4, c-Myc and Klf4 102,103 .
In general, adult somatic cells appear to be more difficult to reprogram than
younger cells or fetal cells 104 . In particular, fetal and neonatal cells have proven to be
very amenable to reprogramming. Human cord-blood-derived endothelial cells have been
reprogrammed to pluripotency with high efficiency 105 and human amniotic fluid-derived
cells exhibit 100-fold higher efficiency of reprogramming to iPSCs than human
fibroblasts 106,107 . Human umbilical vein endothelial cells (HUVECs), which express high
levels of endogenous Klf4, can be reprogrammed by Oct4 and Sox2 alone with
efficiencies comparable to those seen with four factor-reprogramming of human adult
fibroblasts 108,109 .
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While fetal and neonatal cells are very desirable sources for reprogramming, these
types of tissues are not always available. Human peripheral blood cells, which can be
obtained through a minimally invasive procedure, have been successfully reprogrammed
to pluripotency 110 . Terminally differentiated circulating T cells appear to be particularly
receptive to reprogramming 110-113 . Other potential sources of accessible cells for
reprogramming include human adipose stem cells (hASCs), these cells express high
levels of Klf4 and c-Myc and are reprogrammed with improved efficiencies compared to
fibroblast

114,115

. The relative ease by which multiple cell types can be reprogrammed to

a pluripotent state suggests that pluripotency may be a default epigenetic state 97 .
1.2.E Pluripotency and epigenetic memory
Reprogramming to pluripotency is only the first step in generating a desired cell
type. In most cases, iPSCs must be differentiated into the cell types of interest before they
can be used for disease modeling, drug discovery, or regenerative medicine. A potential
hurdle in the directed differentiation of iPSCs is the discovery that these cells have
different propensities to differentiate, depending upon their parental cell type of origin. It
is believed that this is a result of a failure to completely reprogram the epigenetic
signature within somatic cells 116 . iPSCs express distinct transcriptional profiles and
maintain residual DNA methylation patterns, which are characteristic of their somatic
tissue of origin. This residual epigenetic memory contributes to variation in
differentiation capacity, such that iPSCs appear to be biased to differentiate along
lineages related to the cell type of origin 117,118 . Epigenetic memory has also been found
to influence gene expression following somatic cell nuclear transfer experiments, further
demonstrating the stability of epigenetic modifications 119 . However, epigenetic memory
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can be erased following prolonged passaging of iPSCs or by treatment with chromatinmodifying drugs 117,118 . This suggests that demethylation occurs as a passive process,
whereby somatic epigenetic marks are lost during replication 117 . While it appears that
epigenetic memory may hinder reprogramming to complete pluripotency, it may also
facilitate the differentiation of iPSCs along particular lineages based upon the somatic
cell type of origin 120 . The existence of this epigenetic memory may weigh in the
decision of which cells to use for reprogramming, according to the intended use of the
iPSCs.
1.2.F Methods for generating iPSCs
The first iPSCs were generated using retroviral vectors encoding each of the four
reprogramming factors 79,80 . The genomic integration of the provirus allows for
prolonged transgene expression, which is a requirement for reprogramming. Epigenetic
modifications during reprogramming contribute to silencing of the retroviral promoter in
ESCs and iPSCs 121 , and this is essential for their subsequent differentiation 122 .
However, reprogramming to iPSCs requires high titer virus and multiple integrations of
the reprogramming genes into the host chromosomes. The presence of multiple genomic
integrations, ~20 per infected cell 80 , is problematic as it may activate proto-oncogenes or
disrupt tumor suppressor genes, increasing the risk of oncogenic events. The integration
of the reprogramming factors also entails the risk of reactivating the oncogenes c-Myc
and Klf4, leading to tumorigenesis 86 . Another potential disadvantage of retroviral
vectors is that proviral integration requires cell division, making more differentiated cells
or slowly dividing cells more difficult to infect and reprogram. The ability of lentiviruses
to infect both proliferating and non-proliferating cells 123 , led to the development of a
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variety of lentiviral vectors for use in reprogramming. However, there are reports that
lentiviral vectors may be incompletely silenced 124 , which could interfere with
subsequent differentiation of the iPSCs. To reduce the number of integrated proviruses
that need to be silenced, and to decrease the possibility of insertional mutagenesis, a
polycistronic vector that encodes all of the reprogramming factors in a single “stem cell
cassette” (STEMMCCA) was developed 125 . Interestingly, even when different
multiplicities of infection were used for reprogramming, most of the recovered iPSCs
contained single integration sites 125 . This suggests that in this lentiviral system, the
relative stoichiometries of the reprogramming factors, which is important for the efficient
generation of iPSCs 126 , were optimal when a single copy of the provirus was integrated.
A further improvement was to introduce LoxP sites flanking the reprogramming factors,
enabling Cre-mediated excision of the vector from iPSC clones 127 . Excision of the
ectopic genes would facilitate subsequent differentiation of iPSCs, even when there is
incomplete silencing of the lentiviral LTR, as well as reduce the risk of reactivating
oncogenic transgenes. However, the integration of the STEMMCCA virus still poses the
risk of insertional mutagenesis. Alternatively, Sendai virus is an RNA virus and is
therefore non-integrating, avoiding the issue of insertional mutagenesis 128 . Both the
STEMMCCA lentiviral and Sendai viral vectors were employed in this Dissertation, as
these viral methods are both convenient and efficient reprogramming strategies.
1.2.G Alternative methods of reprogramming
While viral vectors are convenient reagents for generating iPSCs, there are many
alternative methods available for reprogramming to pluripotency. iPSCs have been
generated by transfecting the reprogramming factors using oriP/Epstein-Barr nuclear
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antigen-1-based (EBNA) episomal vectors

129

, or the piggyBac transposon system 130 .

The addition of the reprogramming factors as recombinant proteins 131,132 or as synthetic
mRNAs 133 have also been successful at deriving iPSCs, although with limited
efficiency. Chemicals have been identified which can improve reprogramming efficiency
or replace one or more of the reprogramming factors 128 . These include histone
deacetylase inhibitors and DNA methyltransferase inhibitors 134 , as well as the targeted
modification of specific signaling pathways involved in reprogramming such as
activators of the Wnt/β-catenin pathway 134 and inhibitors of the MAPK/ERK pathway
134,135

. Recently, a combination of 7 small molecules was sufficient to reprogram mouse

embryonic fibroblasts (MEFs) in the absence of exogenous transcription factor
expression 136 . Another alternative approach for somatic cell reprogramming involves the
transfection of mature microRNAs 137 .
1.2.H Mechanisms of reprogramming to pluripotency
Reprogramming to pluripotency is a complicated process that is still incompletely
understood. It involves the establishment of a unique transcriptional network to regulate
the balance between the pluripotent state and differentiation. This involves the
establishment of a permissive epigenetic state whereby the endogenous pluripotencyassociated genes Nanog, Sox2, and Oct4 are reactivated 138 . Reprogramming is a gradual
process that involves distinct phases requiring expression of the exogenous
reprogramming factors for 10-16 days 122,139 . Upon initial expression of the
reprogramming factors, there is an upregulation of genes associated with proliferation
coupled with the initiation of a mesenchymal-to-epithelial transition 140,141 . Also during
this initiation phase of reprogramming, the epigenetic landscape begins to be reset such
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that histone modifications occur which promote the activation of genes involved in
proliferation and pluripotency while repressing lineage specification genes 141 . The ratelimiting step in reprogramming may be related to the establishment of a permissive
epigenetic state, which allows reactivation of the native core pluripotency factors 97 . This
occurs in the final phase of reprogramming and leads to the formation of an
autoregulatory loop whereby Oct4, Sox2, and Nanog bind to their own and each others
promoters, in order to regulate the pluripotent transcriptional network 90,142 .
1.2.I Disease modeling using iPSCs
iPSCs have shown great utility for disease modeling. One of the first
demonstrations of the ability to successfully derive disease-specific iPSCs was the
generation of iPSC from patients with amyotrophic lateral sclerosis (ALS). These
disease-specific iPSCs were subsequently differentiated into motor neurons, the affected
cell type in ALS, providing an in vitro cell-based model of ALS 143 . At about the same
time, iPSCs were also generated from cells representing 10 different genetic diseases
including Duchenne muscular dystrophy, Parkinson disease, Down syndrome, as well as
GD 144 . Disorders with clear heritability have been shown to most effectively recapitulate
disease hallmarks in vitro 145 . These include disorders affecting myeloid phagocytes (as
reviewed by Goodridge 146 ), as well as Duchenne muscular dystrophy 147,148 , and
neurological disorders including Huntington’s disease and Alzheimer’s disease 149,150 .
Additionally, iPSCs have demonstrated their utility for modeling LSDs 151 including our
own work with GD 152 . We differentiated GD-specific iPSCs (GD-iPSCs) into the cell
types most severely affected in GD, namely macrophages and neurons. Both GD-iPSCderived macrophages and neurons accumulated glucoslyceramide and most strikingly,
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GD-iPSC-macrophages exhibited a severe delay in the clearance of phagocytosed RBCs.
Interestingly, this delay in clearance correlated with disease severity and was reversed
following treatment with rGCase 152 . We have also demonstrated the abnormal secretion
of inflammatory cytokines by GD-iPSC-derived macrophages40 . These studies highlight
the utility of iPSCs as model for investigating the effects of GCase deficiency on the cell
types relevant to GD, and suggest that this model will also be effective for studying the
hematopoietic consequences of GD, which we address in this study.
1.3 Hematopoiesis
The formation of all the cellular components of the blood system is termed
hematopoiesis. Hematopoiesis is a hierarchical process of lineage commitment stemming
from the multipotent HSC (Figure 1.1). HSC are defined based upon their ability for selfrenewal and their multipotent nature 153 . These cells develop through distinct stages
during embryogenesis. The first site of human hematopoiesis occurs within blood islands
of the yolk sac, where HSCs arise from bipotent hemogenic endothelial cells, termed the
hemangioblast. The hemangioblast precursor is capable of giving rise to both endothelial
cells of the vascular system and hematopoietic cells 154 . Yolk-sac HSCs produce
primitive erythroid precursors expressing the embryonic hemoglobin-ε chain 155,156 . This
transient population of HSCs is gradually replaced by HSC capable of long-term
engraftment, marking the onset of definitive hematopoiesis 157 . Definitive hematopoiesis
is characterized by the development of HSCs in the aorta-gonad-mesonephros (AGM) 158.
Within the AGM, HSC are also derived from a hemangioblast progenitor via the
formation of a hemogenic endothelium 155,157 . HSCs that arise from the hemogenic
endothelium in the AGM then migrate to the fetal liver and the bone marrow, the later of
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which remains the major site of hematopoiesis throughout life. A switch in hemoglobin
expression also marks the onset of definitive hematopoiesis. Embryonic hemoglobin-ε
expression is replaced by the expression of the definitive type globins, first the fetal γglobin followed by adult type β-globin whose expression is maintained throughout life
159

.
Within the bone marrow, definitive hematopoiesis involves progressive lineage

restriction stemming from HSCs and culminating in the mature lineages of the blood
system (Figure 1.1). HSCs differentiate into multipotent progenitors (MPPs), which are
limited in their self-renewal capacity but capable of giving rise to multiple lineages.
Oligopotent progenitors are derived from MPPs, these cells are restricted in their lineage
potential and give rise to fully committed mature cells arise 160 (Figure 1.1).
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Figure 1.1 The hematopoietic hierarchy. (adapted from Larsson and Karlsson 194 )
Adult definitive bone marrow hematopoiesis originates from the multipotent HSC, which has
extensive self-renewal capacity. As HSCs differentiate, they lose their self-renewal potential
and give rise to MPPs. These MPP give rise to oligopotent progenitors for both the myeloid
and lymphoid lineages. These progenitors give rise to the mature lineages of the blood system.
LT-HSC, long-term hematopoietic stem cell; ST-HSC, short-term hematopoietic stem cell;
MPP, multipotent progenitor; CMP, common myeloid progenitor; CLP, common lymphoid
progenitor; MEP, megakaryocyte-erythroid progenitor; GMP, granulocyte-monocyte
progenitor.
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1.3.A Hematopoietic differentiation of ESCs and iPSCs
The in vitro derivation of hematopoietic stem/progenitor cells (HPCs) from ESCs
and iPSCs is now possible, and these cells can offer new insights into hematopoietic
development, disease processes, and can potentially serve as a source of therapeutically
valuable cells. Multiple methods have been utilized to induce the hematopoietic
specification of ESCs and iPSCs. It is interesting to note that the development of HPCs
from pluripotent stem cells appears to mimic the earliest stages of yolk-sac and AGM in
vivo hematopoietic development. This includes the generation of a hemogenic
endothelium and hemangioblast intermediate and distinct waves of primitive and
definitive hematopoiesis 154,157,163 . The first successful generation of HPCs from ESCs
relied on the co-culture of these cells with stromal cells and hematopoietic cytokines 161 .
In this work we utilize an alternative differentiation strategy involving the formation of
embryoid body (EB) and their hematopoietic specification by hematopoietic cytokines
154,162

.
Culturing of EBs in serum-free medium liquid differentiation media (LDM)

supplemented with hematopoietic cytokines promotes the formation of cystic EBs, which
express hematoendothelial surface markers and regulatory genes 154 . These cystic EBs
give rise to mesodermal hematoendothelial progenitor colonies with morphology
reminiscent of human yolk sac blood islands. Additionally, differentiation of cystic EBs
occurs in two distinct waves; primitive hematopoiesis, where newly formed erythroid
colonies express embryonic and fetal hemoglobins, followed by definitive hematopoiesis
with erythroid colonies expressing embryonic, fetal, and adult type hemoglobins 154 .
Although Zambidis et. al. were the first to demonstrate that human ESC differentiation
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mimics the yolk sac stages of human embryonic hematoendothelial devolpment, the
authors were unable to identify the hemangioblast population due to the lack of an
appropriate cell surface marker. A subsequent study identified the importance of surface
angiotensin-converting enzyme (ACE/CD143) for both the identification and regulation
of hemangioblasts derived from human ESCs 166 . This ACE/CD143+ hemangioblast
population was capable of giving rise to two distinct waves of yolk sac-like
erythropoiesis. The identification of this maker on human ESC-derived hemangioblasts
demonstrated the importance of the renin-angiotensin axis in regulating hematopoiesis 166.
The addition of an adherent differentiation step in endothelial culture conditions, further
improved the protocol for deriving HPCs from human pluripotent stem cells. The
optimization of these endothelial-supporting conditions promotes the formation of a
hemogenic endothelium. In this culture system, adherent hematopoietic clusters with
round, cobblestone morphology arise adjacent to endothelial cells. Viable HPCs,
expressing characteristic markers and with multilineage potential, emerge and detach
from this hemogenic endothelium, reminiscent of hematopoiesis in the AGM during
development 175 .
HPCs generated from ESCs and iPSCs are characterized based upon the
expression of hematopoietic cell surface markers, including CD34 164,165 , CD43 165 , and
CD143/angiotensin-converting enzyme 166 . Colony formation assays are utilized to
define the multipotency of derived HPCs 165,167 . The repopulating potential of ESC and
iPSC-derived HPCs remains a challenge as these cells exhibit limited engraftment
potential and multilineage reconstitution in vivo 163 . For this reason, the hematopoietic
differentiation of ESC and iPSC generates HPCs as opposed to the more primitive HSC
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population with extensive self-renewal capabilities. An alternative differentiation
program utilizing in vivo teratoma formation demonstrated the derivation of HPCs
capable of limited multilineage reconstitution 168 . However, much work is needed
optimize the hematopoietic specification of ESCs and iPSCs before these cells can be
therapeutically relevant.
ESC- and iPSC-derived HPCs have already demonstrated their utility for in vitro
disease modeling of hematopoietic disorders. The first successful demonstration of the
ability of iPSC-derived HPCs to model and treat a hematopoietic disorder utilized a
humanized mouse model of sickle cell anemia 169 . The work of Hanna et al. showed that
disease-corrected HPCs derived from iPSCs of a mouse model with the human sickle cell
mutation knocked-in, were able to rescue the disease phenotype following
transplantation. Investigations into generating disease-specific iPSCs for Fanconi anemia,
has also demonstrated the utility of disease-corrected HPCs for potential therapeutic
value 170 . iPSC-derived HPCs have also been used to investigate disease mechanisms
within congenital amegakaryocytic thrombocytopenia 171 . The hematopoietic defects
present in trisomy-21 have also been investigating using iPSC-derived HPCs and have
identified disturbances in hematopoietic lineage specification 172,173 . Together the ability
to derive disease-specific iPSC, which can then be differentiated into disease-specific
HPCs, offer the unique opportunity for in vitro disease modeling of disorders affecting
the hematopoietic system.
1.4 Goals, hypothesis, and aims
GD is the most common LSD, however the molecular mechanisms leading to the
hematopoietic consequences of GCase deficiency are currently poorly understood. The
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lack of an appropriate in vitro model has hindered investigations into disease mechanisms
leading to the hematopoietic abnormalities in GD. The goal of this study was to utilize a
clinically relevant iPSC-based model of GD in order to address the effects of GCase
deficiency on hematopoiesis. The planned investigations are designed to test the
following hypotheses: 1) GD-iPSCs are a relevant disease model to recapitulate
hematopoietic development in vitro 2) GD-iPSC will provide insights into the effects of
GCase deficiency on the differentiation potential of GD-HPCs 3) Impaired hematopoietic
lineage specification of GD-HPCs observed in vitro, will reflect clinical abnormalities
observed in patients. These hypotheses were tested in the following specific aims:
Specific Aim 1. To reprogram GD patient fibroblasts to iPSCs.
Specific Aim 2. To investigate whether GCase deficiency causes developmental
defects in the hematopoietic lineage.
Aim 2a. To characterize and determine the effect of GCase deficiency on the
generation of the HPC population.
Aim 2b. To characterize and determine the effect of mutant GCase on the
ability of GD-HPCs to differentiate to the different hematopoietic lineages.
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Chapter 2. Materials and Methods
2.1 Bioethics
Human cell lines. All the work with the human ESC and iPSC lines described in this
Dissertation was carried out with approval from the UMB Institutional Review Board
(IRB) and ESCRO committees. All the guidelines of NIH and the Maryland Stem Cell
Research Act have been followed.
Vertebrate animals. The teratoma assays in NOG/SCID mice described in the
Dissertation were carried out according to a protocol approved by the UMB IACUC.
2.2 Cell lines
The control and Types 1, 2, and 3 GD lines used in this study are listed in Table 1.
GD-patient fibroblasts were obtained from skin biopsies under IRB-approval and
informed consent by Dr. Ellen Sidransky’s laboratory at the National Institutes of Health,
Bethesda, MD. GD lines include; Type 1 GD patient (GBA mutation: N370S/N370S), a
patient with Type 2 GD (GBA mutation: W184R/D409H), another patient with Type 2
GD (GBA mutation: L444P/RecNcil), and a patient with Type 3 GD (GBA mutation:
L444P/L444P). The control human iPSC line, iPS-DF4-7T.A, was purchased from
WiCell Repository and the control foreskin-fibroblast line, MJ, was obtained from Dr. Yi
Ning (Univeristy of Maryland, Baltimore). Fibroblast lines were cultured in DMEM
supplemented with 15% (vol/vol) FBS (HyClone), 1% (vol/vol) Glutamax (Invitrogen),
and 1% (vol/vol) penicillin/streptomycin. DR4 MEFs were obtained from 13.5E embryos
of DR4 male 174 (The Jackson Laboratory, Bar Harbor, ME) and CF1 female (Charles
River Laboratories, Frederick, MD) and maintained in fibroblast culture media. iPSC
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lines were grown on irradiated MEFs in standard iPSC medium: DMEM-F12
(Invitrogen), 20% (vol/vol) Knockout Serum Replacement (Invitrogen), 1% (vol/vol)
nonessential amino acids, 0.5% (vol/vol) L-glutamine, 0.5% (vol/vol)
penicillin/streptomycin, 0.1 mM β-mercaptoethanol, and 16-30 ng/mL basic fibroblast
growth factor (bFGF, Stemgent). HEK 293T cells used for transfection were obtained
from J. Silvio Gutkind (Nation Institutes of Health, Bethesda, MD) and maintained in
DMEM supplemented with 10% (vol/vol) FBS, 1% (vol/vol) glutamine, and 1% (vol/vol)
penicillin/streptomycin.
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Table 1. Control and GD-patient cell types.
Table indicates all the control- and GD-patient cell types used in this study and their associated
genotype. The source they were derived from and the method of reprogramming are also
indicated, as well as the sex and age at time of biopsy.
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Type 3 GD

Type 2 GD #2

Type 2 GD #1

Type 1 GD

Control #2

Control #1

Cell Types

MNG-98-12-9

MNG-10-257

MNG-09-246

MNG-09-232

MJ

DF4-7T.A

iPSC Line

Skin
Fibroblasts

Skin
Fibroblasts

L444P/RecNcil

L444P/L444P

Skin
Fibroblasts

Skin
Fibroblasts

Lentivirus

Lentivirus

Sendai Virus

Lentivirus

Sendai Virus

Non-integrating
Episomal vector

Embryonic
Fibroblasts
Foreskin
Fibroblasts

Reprogramming
Method

Cell Source

W184R/D409H

N370S/N370S

Normal

Normal

Genotypes

Female

Male

Female

Male

Male

Male

Sex

3 years

1 month

7 months

Adult

Newborn

N/A

Age at
biopsy

2.3 Plasmid DNAs and viral vectors
The polycistronic STEMCCA vector used for reprogramming, encoding the four
transcription factors: OCT4, SOX2, KLF4, and c-MYC, was obtained from G.
Mostovslavsky (Boston University, Boston, MA) along with the packaging plasmids
HDM-Hgpm2, RC-CMV-Rev1b, HDM-tat1b, and HDM-VSV-G. To generate the
reprogramming virus, HEK 293T cells were co-transfected with the aforementioned
DNA plasmids using Trans-IT (Mirus) as previously described 127 . Viral supernatant was
collected after 48 hrs, concentrated by ultracentrifugation, and resuspended in 1:100 of
original volume. Aliquots of concentrated virus were stored at -80oC until use. Sendai
virus particles encoding OCT4, SOX2, KLF4, and c-MYC used for reprogramming were
purchased from Life Technologies.
2.4 Antibodies
2.4.1 Immunohistochemistry
The following antibodies were used for immunohistochemistry: mouse antibodies
to OCT4, SSEA-4, TRA-1-60, TRA-1-81, and rat anti-SSEA-3 (Millipore, ES Cell
Marker Kit, cat no. SCR002). Rabbit anti-NANOG (Abcam, Cat No. ab21624), rabbit
anti-GATA-4 (Santa Cruz Biotechnology, Cat No. sc25310), rabbit anti-brachyury (Santa
Cruz Biotechnology, Cat No. sc20109), mouse anti-Tuj1 (Neuromics, Cat No.
MO15013), mouse anti-MAP2 (Millipore, Neural Stem Cell Characterization Kit, Cat
No. SCR019). Secondary antibodies DyLight 488- or 549-conjugated mouse or rabbit Igspecific antibodies were from Jackson ImmunoReasearch Laboratories. FITC-conjugated
mouse anti CD14 (Santa Cruz Biotechnology, Inc. Cat no:sc1182).
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2.4.1 Flow cytometry
The following antibodies purchased from BD Biosciences were used for flow
cytometric analysis: CD34-PE (Cat No. 555822), CD45-APC (Cat No. 554485), CD43FITC (Cat No.555475), CD14-APC (Cat No. 555399), CD42a-PE (Cat No. 561853),
CD41a-APC (Cat No. 561852), CD71-APC (Cat No.551374), and CD235a-PE (Cat No.
555570). Appropriate isotype controls were also from BD Biosciences.
2.5 Growth factors
Culture media were supplemented with the following growth factors as indicated:
basic fibroblast growth factor (bFGF, Stemgent), bone morphogenic protein 4 (BMP4,
Miltenyi), vascular endothelial growth factor-a (VEGFa, Miltenyi), erythropoietin (EPO,
R&D Systems), thrombopoietin (TPO, Miltenyi), IL-3 and IL-6 (R&D Systems).
2.6 Generation of iPSCs and culture conditions
Type 1 GD (N370S/N370S), Type 2 GD (L444P/RecNcil), and Type 3 GD
(L444P/L444P) iPSC were generated as previously described using the STEMCCA
lentiviral vector 127 . 5 X 104 and 1 X 105 fibroblasts were seeded on gelatin-coated 6-cm
plates and infected the following day with 5 µL of concentrated STEMCCA virus in the
presence of 5 µg/mL of Polybrene (Sigma). 24 hrs after infection, medium was replaced
with standard iPSC culture medium. Cells were split 5 days post-infection and seeded on
irradiated MEFs at a density of 2 X 104 infected cells per 6-cm plate. iPSC media was
replaced every day and colonies with typical ESC morphology began to emerge between
10-15 days post-infection. These colonies were manually picked on days 18 and 31 postinfection and seeded on irradiated MEFS.
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Fibroblasts from an additional control (MJ) and from another Type 2 GD patient
(W184R/D409H) were reprogrammed using Sendai virus purchased from Life
Technologies following manufacturers instructions. Fibroblasts were seeded 2 days prior
to infection at a density of 1 X 105 cells per well of a 6-well plate previously coated with
gelatin. Cultures were infected with Sendai virus particles encoding OCT4, SOX2, KLF4,
and c-MYC at a MOI of 3 in 1 mL of fibroblast growth media. Media was changed 24 hrs
post-infection with fibroblast media and cultured for an additional 6 days with media
changes every other day. Cells were detached using TrypLE (Invitrogen) 7 days postinfection and single cells were plated onto irradiated MEFs in fibroblast media at
densities of 5 X 104, 1 X 105, and 2 X 105 cells per 10 cm dish. The following day, cells
were washed with PBS and cultured on iPSC medium containing 4 ng/mL bFGF for 2135 days. 10-15 days post-infection colonies with typical ESC morphology began to
emerge, and these colonies were manually picked between days 15-30 post-infection and
plated on irradiated MEFs.
As iPSC colonies generated by lentiviral or Sendai virus reprogramming
continued to grow and develop, they were passaged into 6-well plates of irradiated MEFs
for expansion. Stable cells lines were maintained in 6-well plates on irradiated MEFs in
iPSC media with 16-30 ng/mL bFGF. iPSCs were passaged every 5-7 days by treatment
with 2 mg/mL collagenase type IV (Invitrogen) and cell scraping.
2.7 Characterization of iPSCs
All derived iPSC lines were characterized for pluripotency via the expression of
typical pluripotency markers and the ability to differentiate into derivatives of all 3 germ
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layers both in vitro and in vivo. We also verified chromosomal integrity by karyotype
analysis.
2.7.1 Immunofluorescence analysis
iPSCs were plated onto irradiated MEFs in chamber slides (Lab Tek) for
immunostaining. Cells were fixed with 4% (vol/vol) paraformaldehyde in PBS for 15
mins and blocked in PBS containing 8% FBS/0.05% Na Azide. Cells were stained with
anti-OCT4 (1:50), anti-SSEA4 (1:50), anti-TRA-1-81 (1:50), anti-TRA-1-60 (1:50), antiSOX2 (1:50), and anti-NANOG (1:30) at the indicated concentration in PBS/8%
FBS/0.05% Na Azide with 2 mg/mL saponin for 1 hour. Cell nuclei were stained with
DAPI-containing mounting medium (Vectashield; Vector Laboratories).
2.7.2 In vitro differentiation to three germ layers
For EB formation, iPSC were treated with 2 mg/mL dispase (Invitrogen) and
maintained in 6-well ultra-low attachment plates for 15-20 days. Half of the EB culture
media [DMEM-F12, 20% (vol/vol) knockout serum replacement, L-glutamine, βmercaptoethanol, and nonessential amino acids] was changed every other day. After this
time, EBs were fixed in 4% paraformaldehyde in PBS and processed for immunostaining
with the antibodies, GATA-4 (1:50), brachyury (1:50), Tuj1 (1:50), MAP2 (1:50), and
GFAP (1:50) in PBS/8% FBS/0.05% Na Azide with 2 mg/mL saponin for 1 hour. Cell
nuclei were stained with DAPI-containing mounting medium (Vectashield; Vector
Laboratories).
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2.7.3 In vivo teratoma formation
One full 6-well plate of iPSCs grown to 90% confluency was collected by cell
scraping without enzymatic treatment. The cell pellet was resuspended in 200 µL of
DMEM-F12, an equal volume of Growth Factor-Reduced Matrigel (BD Biosciences) was
added to the cells, mixed, and immediately placed on ice. The cell/Matrigel mixture was
subcutaneously injected into the hind limb of 6-8 week old male NOG/SCID mice
(NOD.Cg.Prkdc <scid> II2rg<tm1Sug>/JicTac, Taconic Farms). Mice were monitored
weekly for teratoma formation. Between 8-10 weeks post-injection teratomas typically
reached 1.5 cm in diameter, and were harvested at this time. Teratomas were fixed in 4%
paraformaldehyde in PBS and embedded in paraffin for sectioning and H&E staining.
2.7.4 Karyotype analysis
On the day of karyotyping, 20 randomly selected metaphases from generated
iPSC clones were fully analyzed and 3 cells were karyotyped at the Cytogenetic Core
Facility at the Johns Hopkins Cancer Center.
2.8 Hematopoietic differentiation of iPSCs
Control and GD iPSCs were differentiated into hematopoietic cells as previously
described 175 and as outlined in Figure 2.1. iPSC lines were placed on adaptation media
[StemSpan®SFEM (serum free expansion medium, StemCellTM Technologies), 15%
(vol/vol) ES-Cult FBS (StemCellTM Technologies), 50 µg/mL ascorbic acid, 1% (vol/vol)
ExCyte (Millipore), 1% (vol/vol) penicillin/streptomycin (Invitrogen), 0.5% (vol/vol)
insulin-transferin-selenium-ethanolamine (Life Technologies)], for 24 hrs. For EB
formation, iPSCs were detached from plates by treatment with 2 mg/mL dispase
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(Invitrogen). The detached cells were resuspended in adaptation media (ADM) and added
to semi-solid methycellulose medium [Methocult H4236 (StemCellTM Technologies),
15% (vol/vol) ES-Cult FBS (StemCellTM Technologies), 3.5% (vol/vol) PFHM II (Life
Technologies), 50 µg/mL ascorbic acid, and 0.5% (vol/vol) ExCyte (Millipore)], in ultralow attachment plates (Corning). EBs were collected on day 3 and resuspended in liquid
differentiation medium (LDM) [StemPro34 (Life Technologies), 1% (vol/vol) Lglutamine, and 0.4 mM 1-Thioglycerol (Sigma-Aldrich), supplemented with cytokines:
50 ng/mL BMP4 (Miltenyi), 50 ng/mL VEGFa (Miltenyi), 50 ng/mL bFGF (Stemgent),
and 5 µg/mL Heparan Sulfate (Sigma-Aldrich)]. Culture medium was replaced on day 6.
On day 8, EBs were collected and disaggregated using 1 mg/mL collagenase type IV
(Invitrogen), and plated 0.5-1.0 X 105 EB cells per well in 6-well plates or 5.0-9.0 X 105
EB cells per T75 culture flasks. Prior to plating EB cells, wells and flasks were coated
with 10 µg/mL fibronectin (Life Technologies) overnight at 4oC. The plated cells were
cultured in complete Endothelial Growth MediumTM-2 (EGM-2 Bullet Kit, Lonza)
supplemented with 25 ng/mL VEGFa (Miltenyi). EMG-2 and VEGFa supplement were
replaced the following day and every 2 days thereafter. After 3 days in EGM-2/VEGFa
culture, non-adherent HPCs arose from clusters of cobblestone-like adherent cells. These
non-adherent cells were collected on days 3, 5, and 7 of EGM-2/VEGFa culture and
analyzed by flow cytometry with the indicated antibodies, or were collected on day 3 and
plated for methylcellulose hematopoietic colony formation assays, as described below.
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Figure 2.1 Diagram showing the timeline of iPSC differentiation to HPCs.
iPSCs are cultured in adaptation media one day prior to generating embryoid bodies (EBs) in
methylcellulose. After 3 days in methylcellulose, EBs are placed in liquid differentiation medium
(LDM) supplemented with BVF2H: BMP4, VEGFa, bFGF, Heparin Sulfate. On day 8, EBs are
collected, dissociated and plated in endothelial growth media (EGM-2) supplemented with
VEGFa to form hemogenic endothelium. Non-adherent HPCs arise from hemogenic endothelium
after 3 days in EGM-2 culture; red arrows indicate the times when HPCs are collected for colony
assays and flow cytometric analysis. For megakaryocyte differentiation, EPO and TPO were
added to EGM-2 hemogenic endothelium culture and cells were collected on the indicated days
for flow cytometric analysis. During reconstitution experiments, rGCase was added during EGM2 hemogenic endothelium culture and replenished when cells were collected on days 3, 5, and 7.

2.9 Megakaryocyte differentiation
Megakaryocyte differentiation proceeded as described above with the following
differences. During EGM-2/VEGFa hemogenic endothelium culture, 25 ng/mL of both
erythropoietin (EPO, R&D systems) and thrombopoietin (TPO, Miltenyi) were
supplemented to the culture medium. Non-adherent cells were collected on days 3, 5, and
7 and assayed by flow cytometry for the expression of megakaryocyte markers.
2.10 Hematopoietic colony-formation assays
	
  

Methylcellulose colony formation assays were performed to determine

hematopoietic progenitor frequency as previously described 175 . Suspension HPCs
collected on day 3 of EGM-2/VEGFa hemogenic endothelium culture were resuspended
in StemSpan®SFEM medium (StemCellTM Technologies) and added to MethoCult®
serum-free methylcellulose media (StemCellTM Technologies). 4 X 104 cells per 35 mm
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gridded culture dish were seeded in 1.5 mL of methylcellulose. MethoCult® SF H4436
was used for the detection of both granulocyte/monocyte progenitors and erythroid
progenitors (CFU- GM, CFU-G, CFU–M, BFU-E, CFU-E, and CFU-GEMM).
Granuloctye/monocyte progenitors (CFU-GM, CFU-G, and CFU–M) were assayed in
MethoCult® SF H4536 and erythroid progenitors (CFU-E) were assayed in MethoCult®
SF H4236 supplemented with 3 U/mL EPO (R&D Systems), and 10 ng/mL of IL-6 and
IL-3 (R&D Systems). After 8-10 days, 1 mL of the corresponding methylcellulose was
added to the cultures. Hematopoietic colony formation was assayed between days 14-20
of culture, and cells were collected for flow cytometric analysis at this time.	
  	
  
2.11 Flow cytometry
Non-adherent HPCs from EGM2/VEGFa culture were collected on days 3, 5, and
7 for flow cytometric analysis. Hematopoietic colonies were collected by washing out
methylcellulose with PBS between days 14 and 20 for flow cytometric analysis. 0.5 – 1.0
X 105 cells were resuspended in 100 µL 5% FBS/PBS and incubated for 20 minutes on
ice in the dark with the appropriate fluorochrome-conjugated antibodies, singly or in dual
combination. Isotype-matched control antibodies were used to control for nonspecific
binding. Spectral compensation was achieved using CaliBRITE Beads (eBioscience Inc),
singly stained for each fluorochrome following manufacturer’s instructions. Cells were
washed with PBS, centrifuged, and resuspended in PBS for data acquisition using a BD
LSRII Flow Cytometer. At least 10,000 events were acquired for each tube and analyzed
using FlowJo software (Tree Star Inc.).	
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2.12 GCase assay
Enzyme activity was assayed in iPSC-derived HPC lysates as previously
described 152 . Day 4 or 5 HPCs were collected and lysed in a buffer containing 0.5%
NP40/0.1% deoxycholate and protease inhibitors. Cell lysates were incubated with the
substrate 4-methylumbelliferyl β-D-glucopyranoside (Sigma) for 6 hrs at 37oC. The
reaction was stopped by the addition of 0.2 M glycine buffer and the released 4methylumbelliferone was measured using a fluorescence plate reader (excitation 365 nm,
emission 445 nm). 1mM of the GCase inhibitor, CBE (Sigma), was added to replicate
wells to control for non-GCase enzymatic activity.
2.13 Treatment with recombinant GCase
rGCase (Cerezyme®, Genzyme, Cambridge, MA) was supplemented to EGM2/VEGFa cultures and replenished every other day with media change, at a concentration
of 0.24 U/mL. rGCase was also added to methycellulose colony formation assays and
replenished when assays were supplemented with 1 mL methycellulose after 8-10 days in
culture, at the same concentration. Cerezyme was obtained from patient infusion
remnants.	
  
2.14 Characterization of adherent macrophage-like cell clusters
The appearance of clusters of adherent cells, which arose in myeloid colony
formation assays from GD-specific-HPCs (GD-HPCs), but not control-HPC assays, was a
surprising finding of this work. As these cells were reminiscent of the pathological lipidladen Gaucher cells found in patients, they were further characterized as described below.
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2.14.1 May-Grünwald-Giemsa stain
Methylcellulose was washed out of myeloid colony formation assays with PBS
after colonies were scored on between days 14-20. Abnormal cell clusters remained
adherent to the culture dishes following washing and removal of the methylcellulose.
These adherent cell clusters were stained with May-Grünwald (MG 500)-Giemsa (G9641; Sigma-Aldrich) according to the manufacturer.
2.14.2 Oil Red O stain
Methylcellulose was washed out with PBS and adherent cell clusters from
myeloid colony formation assays were stained with the lysochrome, Oil Red O (SigmaAldrich Cat No. O-0625), according to manufacturer.
2.14.3 Immunofluorescence analysis
Methylcellulose was washed out with PBS and adherent cell clusters from
myeloid colony formation assays were fixed with 4% (vol/vol) paraformaldehyde in PBS
for 15 minutes and blocked in PBS containing 8% FBS/0.05% Na Azide. Cells were
stained with FITC-CD14 (Santa Cruz Biotechnology, Inc. Cat no:sc1182) at a
concentration of 1:50 in PBS/8% FBS/0.05% Na Azide with 2 mg/mL saponin for 1 hour.
Cell nuclei were stained with DAPI-containing mounting medium (Vectashield; Vector
Laboratories). FITC-isotype (BD Bioscience Cat No. 555748) was used as a negative
control.
2.15 Imaging
Non-fluorescent images were captured using an inverted Nikon Eclipse TE-2000
microscope with Nikon Imaging Systems (NIS)-Elements AR 3.0 collection software.
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Fluorescent images were captured using either an inverted Nikon Eclipse TE-2000S
microscope with NIS-Elements BR 3.1 collection software or a Zeiss Axioscope II
fluorescence microscope. ImageJ64 software was used to compile fluorescent overlay
images.
2.16 Statistical analysis
Data were analyzed using Prism software version 4.0c (GraphPad Software).
Two-way ANOVA (Bonferroni post-tests) was used to determine the statistical
differences or two-tailed unpaired Student’s t-tests, as appropriate. The confidence level
for significance was 95%.
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Chapter 3 – Generation and characterization of GD-specific iPSCs
Investigations into the molecular mechanisms underlying GD have been
constrained by the limited availability of the cell types relevant to GD pathology. To
circumvent these limitations we used reprogramming technology, which enables the
generation of disease-specific pluripotent cells from adult somatic cells, offering new
opportunities for in vitro disease modeling. We hypothesize that GD-iPSCs will allow us
to investigate the etiology of the poorly understood hematopoietic manifestations of GD.
To address this hypothesis we reprogrammed GD-patient fibroblasts representing all 3
clinical subtypes of GD to generate disease-specific iPSCs. These GD-iPSCs were
utilized to examine the possible developmental abnormalities within the hematopoietic
system as described in the subsequent chapters.
3.1 Results
3.1.1 Generation of iPSCs
For reprogramming to iPSCs, we used a panel of GD patient fibroblasts
representative of each of the 3 clinical subtypes of GD, as described in Chapter 2Materials and Methods and listed in Table 1. We have selected this panel, as the
genotypes representing each clinical phenotype are some of the most common among GD
patients. Specifically, the N370S and L444P mutations of the Type 1 and Type 3 GD
patients respectively 9 account for ~70% of the GD mutations in the general population 6.
Additionally, using GD-iPSCs representing all 3 clinical subtypes of GD allowed us to
examine if there is a correlation between the severity of clinical presentations and the
functional defects we observed in vitro. GD-patient and control fibroblasts were
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reprogrammed through the viral transduction of the 4 reprogramming factors (OCT4,
KLF4, SOX2, and c-MYC) as described in Chapter 2-Materials and Methods and as we
previously described 40,152 . Patient fibroblasts were reprogrammed as these cells are
easily obtainable, even from the newborn and infant patients, and they reprogram with
high efficiencies. Initial reprogramming protocols utilized the polycistronic STEMCCA
lentiviral vector for reprogramming. We then switched our reprogramming protocol to
utilize the integration-free Sendai virus in order to minimize the risk of insertional
mutagenesis. As described below, we found no difference in efficiency of reprogramming
or the quality of the generated iPSC between the two viral vectors. The efficiency of
reprogramming was also comparable between control and all 3 clinical subtypes of GD. It
is important to note that the reprogramming process resets the epigenetic landscape of
these cells, effectively minimizing any differences between GD- and control-lines that are
not due to genetic alterations 145 .
Following introduction of the reprogramming factors by either method, colonies
were selected for further expansion and characterization based upon the establishment of
an ESC-like morphology, which arose 10-15 days post-infection (Figure 3.1A). The
reprogrammed iPSCs were characterized based upon the expression of known
pluripotency markers, SOX2, SSEA-3, SSEA-4, TRA-1-60, TRA-1-81, OCT4, and
NANOG, as analyzed by immunofluorescence (Figure 3.1B). We also performed
karyotype analysis, which indicated a normal complement of chromosomes for all the
generated iPSCs (Figure 3.2).
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Figure 3.1 Generation of iPSCs.
A) Control and GD-patient fibroblasts were reprogrammed to iPSCs through the forced
expression of the 4 reprogramming transcription factors (OCT4, KLF4, SOX2, and c-MYC). 1015 days after reprogramming factor introduction, iPSC colonies with typical ESC morphology
emerge. Representative images of Type 2 GD patient #2 fibroblasts and a typical iPSC colony.
20X magnification.
B) iPSCs were characterized for the expression of known pluripotency markers as indicated in
panels. Nuclei were stained with DAPI as indicated. Representative images of Type 2 GD patient
#2 iPSC. 20X magnification. Scale bar, 100µM.

	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure 3.2 Karyotype Analysis.
Representative karyotype analysis from Type 2 GD patient #2 iPSC, demonstrating the normal
complement of chromosomes.
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3.1.2 Pluripotency of iPSCs
To assess iPSC pluripotency, iPSCs were induced to differentiate into derivatives
of all 3 germ layers both in vitro and in vivo. For in vitro pluripotency, iPSCs were
harvested and cultured as EBs in differentiation medium for 15 days. EBs were then
stained for the endodermal marker GATA-4, the ectodermal markers Tuj1 and MAP2,
and the mesodermal marker brachyury (Figure 3.3A). To more stringently test their
pluripotency, iPSCs were harvested and injected into immunodeficient mice for teratoma
formation as described in Chapter 2-Materials and Methods. Teratomas were harvested
after 8-10 weeks and histophathological analysis revealed the presence of derivatives
from all 3 germ layers, including pigmented neural epithelium and neural rosettes
(ectodermal), glandular structures and intestinal epthilium (endodermal), as well as
cartilage and bone (mesodermal) (Figure 3.3B).
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Figure 3.3 Characterization of iPSC pluripotency.
A) iPSCs were harvested and differentiated into EBs, which were stained for markers of the 3
germ layers as indicated. DAPI (nuclei), MAP2 and Tuj1 (ectoderm), Brachyury (mesoderm), and
GATA4 (endoderm). Representative images from Type 2 GD patient #2 iPSC. 20X
magnification. Scale bar 100 µM.
B) iPSCs were injected into NOG/SCID mice for teratoma formation. a) Teratomas were
harvested 8-10 wks post injection when they reached 1.5 cm in diameter and were sectioned for
H&E staining b) Glandual structure (endoderm) c) Pigmented neural epithium and rosettes
(ectoderm) d) Intestinal epithelium (endoderm) e) Cartilage (mesoderm) f) Bone (mesoderm).
Representative images of teratoma derived from Type 2 GD patient #2 iPSC. 20X magnification.

46

We conclude that the viral transduction of the 4 reprogramming transcription
factors reprograms control- and GD-patient fibroblasts from all 3 clinical subtypes with
comparable efficiencies. All the iPSCs we generated were pluripotent as assessed through
both in vitro differentiation as well as through the most stringent test to assess human
iPSC pluripotency, in vivo teratoma formation. Here we show representative images from
one genotype, Type 2 GD patient #2. The full characterization of all the iPSC lines we
used in our studies are described in Panicker et al. 152 and Panicker et al. 40 . The
derivation of GD-iPSCs, which are comparable to control-iPSCs in all the parameters
assessed, suggests that GCase deficiency does not compromise the establishment of
pluripotency and that these cells can serve as unique reagents for in vitro disease
modeling. In the following sections, we utilize this iPSC model system to test the
hypothesis that the hematopoietic abnormalities in GD are a result of the altered
differentiation potential of GD-HPCs.
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Chapter 4 – The hematopoietic consequences of GCase deficiency
The hematopoietic defects present in GD include thrombocytopenia, which affects
60% of patients and anemia, which affects 36% of patients 41 . Additionally, Gaucher
cells are lipid-laden macrophage-derived cells, which are found infiltrating patient
tissues. The presence of large numbers of these pathological cells suggests perturbations
in the myeloid lineage. To date, the etiology of these hematopoietic defects present in GD
are poorly understood. Investigations into the mechanisms that are responsible for these
hematopoietic abnormalities have been hampered by the lack of a relevant disease-model.
Using GD-iPSCs we tested the hypothesis that the hematopoietic abnormalities
seen in GD patients are due to intrinsic developmental defects in the HPC compartment.
GD-iPSCs are a relevant system to examine this question as these cells afford us the
opportunity to recapitulate the developmental defects that may arise in utero and
contribute to the severe pathologies in Types 2 and 3 GD 176 . To this end, we examined
the consequences of GCase deficiency on both the generation of the HPC population and
the lineage commitment of this population for all 3 clinical subtypes of GD.
4.1 Results – The effect of GCase deficiency on the generation of the HPC
population
4.1.1 Hematopoietic differentiation of iPSCs
Control- and GD-iPSCs were differentiated to HPCs using a previously
established protocol 175 outlined in Figure 2.1. The first step in this differentiation
protocol is the generation of EBs in methylcellulose. EBs are collected after 3 days in
methylcellulose and placed in serum-free LDM supplemented with the cytokines
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BVF2H. At this stage EBs are dark and lack smooth edges illustrated in Figure 4.1A.
However, after 5 days in LDM+BVF2H culture, EBs become larger and cystic in
appearance (Figure 4.1B). On day 8 these large cystic EBs are collected, dissociated, and
plated in endothelial EGM-2 culture to promote the formation of a hemogenic
endothelium. This is characterized by the appearance of round cobblestone-like adherent
cells (Figure 4.1C), which are closely associated with clusters of endothelial-like cells.
After 3 days in EGM-2 hemogenic endothelium culture, non-adherent HPCs arise and
these cells can be collected and characterized as described below. There was no
difference in the formation of EBs or hemogenic endothelium between all 3 clinicial
subtypes of GD- and control-iPSCs.

Figure 4.1 Generation of HPCs.
A) Representative EBs generated from control- and
GD-iPSCs after 3 days in methylcellulose medium.
Note the bumpy periphery of EBs. Magnification
10X and 20X as indicated.
B) Representative EBs from control- and GD-iPSCs
after 8 days total culture and 5 days in LDM+BVF2H
medium. Note the smooth periphery, large size, and
cystic nature of EBs. Magnification 10X.
C) Representative of appearance of cobblestone-like
morphology of hemogenic endothelium derived from
control- and GD-iPSCs after 3 days in EGM2 culture.
Mature HPCs will detach from these cobblestone
clusters. Magnification 10X and 20X as indicated.
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4.1.2 Characterization of control- and GD-HPCs
Non-adherent HPCs arise from adherent hemogenic endothelial cells beginning
on day 3 of EGM-2 hemogenic endothelium culture and can be collected for
characterization at this time as well as on days 5 and 7. There was no difference in the
efficiency of generation of HPCs, as determined by the number of viable HPCs collected
between all 3 clinical subtypes of GD and controls (Figure 4.2A). The viability of
generated HPCs, as assayed through trypan blue exclusion, was also comparable between
all 3 clinical subtypes of GD and controls (Figure 4.2B). We then characterized iPSCderived HPCs based upon the expression of known HPC markers, namely CD34, CD45,
CD143/ACE/BB9, and CD43 (leukosialin). The expression kinetics of these HPC
markers was comparable between controls and all 4 GD-patient lines (Figure 4.2C-F).
The generation of GD-HPCs with comparable efficiency and marker expression profile as
control-HPCs demonstrates that GCase deficiency does not compromise the generation of
the HPC pool. We postulate that instead, the consequences of GCase deficiency may lie
downstream of the generation of this population, and the experiments described in the
following sections are designed to test this hypothesis.
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Figure 4.2 Generation and characterization of HPC lines.
A) The indicated control- and Types 1, 2, and 3 GD-HPCs were collected from EGM-2
hemogenic endothelium culture at the indicated times. Ordinates indicate the number of viable
HPCs per well. There was no difference in the efficiency of HPC generation between GD and
control lines. (mean ±SD).
B) The percentage of viable HPCs collected from the hemogenic endothelium culture was
determined by trypan blue exclusion. There was no difference in viability between GD- and
control-HPCs. (mean ±SD).
C-F) Control- and Types 1, 2, and 3 GD-HPCs were collected from EGM-2 hemogenic
endothelium culture at the indicated times. Flow cytometric analysis was performed for the
hematopoietic progenitor markers CD34 (C); CD143/ACE/BB9 (D); CD45 (E); and CD43 (F).
The expression levels and kinetics of marker expression were comparable between GD- and
control-HPCs. (mean ±SD).

51

4.1.3 Characterization of GCase enzymatic activity in HPCs
HPCs were collected at day 4 or 5 of EGM-2 hemogenic endothelium culture.
Cells were lysed and assayed for GCase enzymatic activity as described in Chapter 2 Materials and Methods. As expected, all 3 clinical subtypes of GD-HPCs have lower
GCase enzymatic activity compared to controls (Figure 4.3), demonstrating that the
enzyme deficiency is maintained throughout the reprogramming and differentiation
protocols.

Figure 4.3 Low GCase activity in GD-HPC lines.
GCase enzyme activity was assayed in control- and Types 1, 2, and 3 GD-HPCs collected at day
4 or 5 in EGM2 hemogenic endothelium culture as described in Chapter 2-Materials and
Methods. Numbers in ordinate represent the percent of GCase enzyme activity of Control-HPC
#1. Types 1, 2, and 3 GD-HPCs exhibit low levels of enzyme activity compared to control-HPCs.
Cell lines as indicated in panel.
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4.2 Results – The effect of mutant GCase on HPC multipotency
4.2.1 GD-HPCs have altered myeloid and erythroid differentiation potential
In order to investigate the multi-lineage potential of GD-HPCs we performed
colony formation assays as described in Chapter 2 - Materials and Methods. HPCs were
collected at day 3 of EGM-2 hemogenic endothelium culture and plated for colony
formation assays. As shown in Figure 4.4, both control- and GD-HPCs gave rise to
myeloid and erythroid colonies with typical morphology. Initial experiments employed
MethoCult® SF H4436 for the detection of both erythroid and granulocyte/macrophage
progenitors (Figure 4.5A). We found a significant reduction in the amount of erythroid
progenitors differentiated from Type 2 GD-HPC #2 compared to control-HPC #2 (Figure
4.5B). Within the same Type 2 GD patient there was also a significant increase in
macrophage progenitors compared to both controls (Figure 4.5C).

Figure 4.4 Representative morphology of myeloid and erythroid colonies derived from
control- and GD-HPC.
Control- and GD-HPCs collected after 3 days in EGM-2 hemogenic endothelium culture were
assayed for colony formation in methylcellulose. Colonies were imaged after 17 days in culture.
Both control- and GD-HPC–derived colonies exhibited typical morphology. Scale bar, 50 µm.
Magnification 20x.
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Figure 4.5 Methylcellulose CFC assay for both erythroid and granulocyte/macrophage
progenitors.
A)The indicated control- and GD-HPCs obtained as described in Chapter 2-Materials and
Methods were assayed in methylcellulose for colony formation potential. CFU-G, CFU-M, CFUGM, CFU-E, BFU-E, and CFU-GEMM colonies were scored after 14-20 days in culture.
B) The data demonstrate a decreased differentiation potential of Type 2 GD-HPC #1 toward the
erythroid lineage compared to control-HPC #2. *P<0.05 (mean ± SD). Cell lines as indicated in
panel.
C) There was an increased differentiation towards the myeloid lineage within Type 2 GD-HPC #1
compared to both control-HPC lines. *P<0.05 **P<0.01 (mean ± SD). Cell lines as indicated in
panel.

These initial results prompted us to investigate the differentiation potential of all
three clinical subtypes of GD-HPCs towards the erythroid and granulocyte/macrophage
lineages more specifically. To this end, we utilized methylcellulose medium containing
cytokines that support the optimal growth of each of these lineages individually. In order
to investigate the consequences of enzyme deficiency on the differentiation of HPCs
towards the granulocyte/macrophage lineage, we cultured HPCs in methylcellulose
containing the myeloid growth factors G-CSF and GM-CSF. Colonies were scored after
14-20 days in culture. The results of these experiments demonstrated that GD-HPCs have

54

an increased differentiation potential towards the myeloid lineage (Figure 4.6) It is
interesting to note that although there were patient-specific differences, this increased
propensity for myeloid differentiation correlated with disease severity. The mutant HPCs
from mild Type 1 GD showed only a slight increase in myeloid differentiation, while
HPCs from the more severe Types 2 and 3 GD had the largest increases (Figure 4.6). This
increase in myeloid differentiation potential in GD-HPCs compared to control-HPCs was
confirmed by flow cytometric analysis of myeloid colonies as described in Chapter 2 –
Materials and Methods, using antibodies to the myeloid progenitor marker CD33. As
shown in Figure 4.7A and B, myeloid colonies derived from GD-HPCs exhibited
increased expression of CD33 compared to those derived from control-HPCs, and this
increased expression of CD33 also correlated with disease severity.

Figure 4.6 Increased myeloid differentiation of GD-HPCs.
The indicated control- and GD-HPCs obtained as described in Chapter 2-Materials and Methods
were assayed for myeloid-specific colony formation, and CFU-G, CFU-M and CFU-GM colonies
were scored after 14-20 days in culture. The data indicate an increased differentiation potential of
GD-HPCs towards this lineage which correlates with disease severity such that the mild Type 1
GD only shows a slight increase in myeloid potential while the more severe Types 2 and 3 GD
have the largest increases. *P<0.05 **P<0.01 (mean ± SD).
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Figure 4.7 Increased expression of myeloid progenitor marker CD33 within myeloid
colonies derived from GD-HPCs.
Myeloid colonies were collected from methylcellulose cultures after they were counted and were
analyzed for expression of the myeloid progenitor marker CD33 by flow cytometry.
A) Representative histogram shows that Type 2 GD-HPC-derived myeloid colonies have
increased CD33 expression. Grey shaded line represents isotype control.
B) Data demonstrate that GD-HPC-derived myeloid colonies have increased expression of CD33.
This correlates with disease severity such that the mild Type 1 GD only demonstrates a slight
increase in expression of this marker, while the more severe Types 2 and 3 GD have the largest
expression. **P<0.01 (mean ±SD). Cell lines as indicated in panel.

To investigate the effects of GCase deficiency on erythropoiesis, we performed
methylcellulose colony formation assays in the presence of the erythroid growth factor,
EPO. While scoring erythroid colonies after 14-20 days in culture, we noticed a
discrepancy in colony size between assays of control- and GD-HPCs. Figure 4.8A shows
the appearance of control-HPC derived CFU-E colonies of different sizes that we noted.
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GD-HPCs had a decreased frequency of larger, more mature erythroid colonies consisting
of more than 50 cells compared to controls (Figure 4.8B). This deficiency in
erythropoiesis correlated with disease severity such that the mild Type 1 GD-HPCs gave
rise to similar percentages of large CFU-E colonies compared to controls while this
population was significantly diminished in the more severe Types 2 and 3 GD.

Figure 4.8 Deficient erythropoeisis in GD-HPCs.
HPCs were collected from Day 3 EGM-2 hemogenic endothelium and plated in methylcellose
containing the erythroid growth factor EPO to specify erthroid lineage commitment. Colonies
were scored after 14-20 days in culture.
A) Image shows a representative large CFU-E colony consisting of greater than 50 cells (dashed
arrow) and a small CFU-E with less than 50 cells (solid arrow). CFU-E were derived from
control-HPCs and imaged after 19 days in culture. Scale bar, 50 µm. Magnification 20x.
B) Erythroid-specific colony formation assays show a decreased percentage of large CFU-E
colonies (those consisting of ≥50 cells) from GD-HPCs. This decrease in erythroid potential
correlated with disease severity, mild Type 1 GD-HPCs gave rise to similar numbers of large
CFU-E colonies compared to controls, while severe Types 2 and 3 GD have diminished
erythropoieisis. **P<0.01 (mean ± SD). Cell lines as indicated in panel.
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We next examined the expression of two known erythroid markers, CD71
(transferrin receptor) and CD235a (glycophorin A). CD71 is highly expressed on early
erythroid precursor cells and expression decreases as the cells mature to CD235a+
erythroblasts 177-179 . Compared to control-HPC-derived erythroid colonies, GD-HPCderived colonies had decreased CD71- CD235a+ mature erythrocytes, this phenotype also
correlated with disease severity (Figure 4.9A and B).

Figure 4.9 Decreased mature erythrocytes derived from GD-HPC erythroid colonies.
Erythroid colonies were collected after they were scored, for flow cytometric analysis of the
erythroid markers CD71 and CD235a.
A) Representative dot plot indicating decreased percentage of CD71- CD235a+ mature
erythrocytes from erythroid colonies derived from Type 2 GD-HPCs compared to control-HPCs.
B) The data show that the percent of mature erythrocytes with the expression profile CD71CD235a+ was reduced in GD- compared to control-HPC-derived erythroid colonies in a manner
that correlated with disease severity. *P<0.05, **P<0.01 (mean ±SD). Cell lines as indicated in
panel.
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Together our colony formation assays and flow cytometric data showed that GDHPCs display an increased propensity for differentiation along the myeloid lineage, and a
decreased differentiation and maturation towards the erythroid lineage. These
abnormalities may contribute to the anemia, and the presence of large numbers of
pathological macrophages in patients with GD 41 .
4.2.2 Reversal of disease phenotype by treatment with recombinant GCase
To determine whether GCase enzyme deficiency was directly responsible for
altering GD-HPC differentiation potential, we restored GCase enzymatic activity in GDHPCs (detailed in Chapter 2 – Materials and Methods). Supplementing rGCase during the
differentiation step that gives rise to mature HPCs, the EGM-2 hemogenic endothelium
stage, increased GCase enzymatic activity in GD-HPCs (Figure 4.10). This demonstrates
that the recombinant enzyme was taken up by HPCs.

Figure 4.10 Recombinant GCase restores GCase enzymatic activity in GD-HPCs.
Recombinant GCase was supplemented during EGM2 hemogenic endothelium cultures to correct
the enzyme deficiency in GD-HPCs as described in Chapter 2-Materials and Methods. HPCs
were collected after 4 days in EGM2 culture and assayed for GCase enzymatic activity as
described. Representative graph shows restoration of enzyme activity in Type 1 GD-HPCs treated
with rGCase. Numbers in ordinate represent the percent of GCase enzyme activity of ControlHPC #1. Cell lines and treatments as indicated in panel.
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Following HPC generation in the presence of rGCase, we carried out myeloid and
erythroid colony formation assays in methylcellulose supplemented with rGCase. rGCase
treatment reversed the increased myeloid differentiation potential of Types 1, 2, and 3
GD-HPCs, reducing the number of myeloid colonies to levels similar to those of controls
(Figure 4.11A). Similarly, flow cytometric analysis showed that treatment with rGCase
also reversed the increase in the percentage of CD33+ myeloid progenitors derived from
Type 2 GD-HPC colonies to control levels (Figure 4.11B).
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Figure 4.11 Recombinant GCase reverses the increased myeloid differentiation of GDHPCs.
Recombinant GCase was added to EGM-2 hemogenic endothelium cultures to correct the enzyme
deficiency in GD-HPCs, as detailed in Chapter 2-Materials and Methods. HPCs were collected
after 3 days in EGM-2 +rGCase culture and assayed for myeloid colony formation in
methylcellulose supplemented with rGCase. Colony assays were scored after 14-20 days in
culture and collected for flow cytometric analysis at this time.
A) Treatment with rGCase reversed the increased myeloid differentiation within all GD-HPC
lines as indicated, bringing the number of myeloid colonies scored to levels similar to controls.
*P < 0.05 **P < 0.01 (mean ±SD). Cell lines and treatments as indicated in panel.
B) rGCase treatment decreased the percentage of CD33+ myeloid progenitors derived from Type
2 GD-HPC to levels similar to those of controls. **P < 0.01 (mean ±SD).
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Treatment of GD-HPCs with rGCase also restored erythroid differentiation as
evidenced by the increased formation of large CFU-E colonies following enzyme
correction (Figure 4.12A). Flow cytometric analysis also revealed that rGCase treatment
restored erythroid maturation, increasing the percentage of CD71- CD235a+ mature
erythrocytes derived from Type 2 GD-HPCs to levels similar to those derived from
control-HPCs (Figure 4.12B).

Figure 4.12 Recombinant GCase reverses decreased erythropoeisis in GD-HPCs.
Recombinant GCase was added to EGM-2 hemogenic endothelium cultures to correct the enzyme
deficiency in GD-HPCs, as detailed in Chapter 2-Materials and Methods. HPCs were collected
after 3 days in EGM-2 +rGCase culture and assayed for erythroid colony formation in
methylcellulose supplemented with rGCase. Colony assays were scored after 14-20 days in
culture and collected for flow cytometric analysis at this time.
A) Treatment with rGCase restored the percentage of large CFU-Es from GD-HPCs to levels
similar to controls. **P < 0.01 (mean ±SD). Cell lines and treatments as indicated in panel.
B) Treatment with rGCase restored erythroid maturation from Type 2 GD-HPC as determined by
FACS analysis of the erythroid markers CD71 and CD235a. **P < 0.01 (mean ±SD).
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The reversal of the skewed myeloid and erythroid differentiation potential of GDHPCs by rGCase treatment strongly suggests that the hematopoietic abnormalities we
observed were caused by GCase deficiency.
4.2.3 GD-HPCs give rise to lipid-engorged macrophage cells
While performing myeloid colony formation assays, we observed the persistent
appearance of adherent cell clusters. GD-HPCs gave rise to numerous adherent cell
clusters containing many cells, while control-HPCs gave rise to very few of these clusters
containing only a few cells (Figure 4.13A). The frequency of adherent cell clusters varied
among the different GD genotypes, with the highest number corresponding to Type 2 GD
patient #1. Treatment of GD-HPCs with rGCase during both their generation at the
hemogenic endothelium stage and during methylcellulose colony formation assays
completely abrogated the appearance of these adherent cells (Figure 4.13A). To
characterize these adherent cells we performed May-Grünwald Giemsa stain. As shown
in Figure 4.13B, the adherent cells had a macrophage-like morphology, which is
consistent with their appearance in myeloid colony formation assays. We also observed
that these adherent cells contained large vacuoles. Oil Red O staining for triglycerides
and other lipids confirmed the presence of large, lipid-filled vacuoles within these
abnormal cells (Figure 4.13C). Finally, to confirm the macrophage-like nature of these
cells, we performed immunofluorescence staining for the macrophage marker CD14,
which is also present on characteristic Gaucher cells 37 . As shown in Figure 4.13D, these
adherent cells expressed CD14, suggesting that they were macrophages. These results
are, to our knowledge, the first to suggest that GD-HPCs may be capable of directly
giving rise to lipid-engorged macrophages during myelopoiesis. These abnormal
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macrophages are reminiscent of pathogenic Gaucher cells and their appearance in these
assays suggests a new mechanism for the derivation of these cells. It is noteworthy that
treatment with rGCase prevented the appearance of these lipid-filled macrophages,
demonstrating that their presence was a result of GCase deficiency.

Figure 4.13 GD-HPCs give rise to lipid-laden macrophages.
A) The indicated control- and GD-HPCs obtained as described in Chapter 2-Materials and
Methods were assayed for myeloid-specific colony formation in methylcellulose. GD-HPCs gave
rise to adherent cell clusters that were absent from control-HPCs, and treatment with rGCase
abrogated the appearance of adherent cell clusters from GD-HPCs cultures. *P < 0.05 (mean
±SD).
B) Adherent cell clusters were stained with May-Grünwald-Giemsa. Representative image of
adherent cell clusters derived from Type 2 GD-HPCs showed a macrophage-like morphology and
the presence of large vacuoles. Scale bar, 50 µm. Magnification 20x.
C) Macrophage-like adherent cell clusters were stained for triglycerides with Oil Red O.
Representative images showing large lipid-filled vacuoles within adherent macrophage-like cells
derived from Type 2 GD-HPCs. Scale bar, 50 µm. Magnification 20x.
D) Adherent cell clusters were stained with antibodies to the macrophage marker CD14.
Representative fluorescent images reveal the expression of CD14 within adherent, lipid-laden
cells derived from Type 2 GD-HPCs. Left panel indicates staining with isotype control. Blue,
DAPI staining; green CD14. Scale bar, 50 µm. Magnification 20x.
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4.2.4 GD-HPCs exhibit impaired differentiation and maturation towards the
megakaryocyte lineage.
To examine whether the thrombocytopenia affecting GD patients 41 may be due
to an inherent deficiency within GD-HPCs, we differentiated control- and GD-HPCs
towards megakaryocytes as described in Chapter 2 – Materials and Methods.
Supplementing EPO and TPO in the culture medium during the EGM-2 hemogenic
endothelium stage, which gives rise to HPCs, promotes the formation of megakaryocytes
175

. Cells were collected on days 3, 5, and 7 after the addition of EPO and TPO and

assayed for the expression of the megakaryocyte markers CD41a (fibrinogen receptor,
glycoprotein IIb-IIIa) and CD42a (von Willebrand factor receptor) by flow cytometry.
During megakaryopoiesis, CD41a expression occurs early and is followed by the
appearance of CD42a, such that the co-expression of both markers is indicative of more
mature megakaryocytes 180 . During differentiation in this system, the kinetics of
generation of CD41a+ CD42a+ mature megakaryocytes peaks at day 5 of EGM-2
+EPO/TPO culture (Figure 4.14A). At this time point, all three clinical subtypes of GDHPCs exhibited a decrease in the percentage of CD41a+ CD42a+ mature megakaryocytes
compared to control-HPCs, although the extent of the defect varied among genotypes
(Figure 4.14B and C). We conclude that GD-HPCs have a decreased differentiation and
maturation potential towards the megakaryocyte lineage.
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Figure 4.14 Reduced megakaryocyte differentiation and maturation within GD-HPCs.
EGM-2 hemogenic endothelium cultures were supplemented with EPO and TPO to promote
megakaryocyte differentiation.
A) Cells were collected from EGM-2 +EPO +EPO culture at days 3, 5, and 7 as indicated and
analyzed by flow cytometry for the expression of the megakaryocyte markers CD41a and CD42a
expression. The percent of CD41a+ CD42a+ mature megakaryocytes peaks at Day 5 of EGM-2
+EPO +TPO culture for control-HPCs, while GD-HPCs remain deficient in this population. Cell
lines as indicated in panel. *P < 0.05 (mean ±SD).
B) Representative FACS analysis of the megakaryocyte markers CD41a and CD42a collected
from day 5 EGM-2 +EPO/TPO culture. These data show that Type 2 GD-HPCs are deficient in
the generation of megakaryocytes compared to control-HPCs.
C) FACS analysis of CD41a+ CD42a+ mature megakaryocytes collected at day 5 of EGM-2
+EPO/TPO culture show that GD-HPCs have deficient megakaryocytopoiesis. Cell lines as
indicated in panel. *P < 0.05 (mean ±SD).
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In this chapter, we addressed the question of whether GCase deficiency directly
affects hematopoietic developmental potential using a novel iPSC disease model. We
hypothesized that the hematopoietic abnormalities in GD may result from an inherent
impairment in hematopoietic development. Although GCase deficiency did not affect the
generation of GD-HPCs, GD-HPC exhibited skewed multipotency with increased
myeloid differentiation and decreased erythroid and megakaryocyte differentiation.
Additionally, GD-HPCs but not control-HPCs, gave rise to a population of lipidengorged macrophages that are reminiscent of pathological Gaucher cells. The
hematologic abnormalities of mutant HPCs observed in vitro recapitulate clinical
manifestations in patients with GD. In addition, rGCase reversed most of these
abnormalities, an in vitro reflection of the effectiveness of ERT, which is used to
successfully treat Type 1 GD 29 . Together, these data demonstrate the importance of
GCase enzymatic activity in the specification of HPC lineage commitment and the
potential utility of this system for therapeutic development.
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Chapter 5 – Discussion and Future Directions
GD is the most common lysosomal storage disorder and affects ~1:40,000 in the
general population and ~1:450 among the Ashkenazi Jewish population 9 . This
monogenic disorder is a result of autosomal recessive mutations in the GBA gene, which
encodes the lysosomal protein GCase. GCase is responsible for the lysosomal
degradation of the sphingolipid GlcCer, and there are over 300 mutations that lead to
GD7. Mutations in GCase interfere with protein processing and folding, leading to ER
retention and proteasomal degradation 22 . This results in a decrease in lysosomal
enzymatic activity and the accumulation of GlcCer. Cells of the mononuclear phagocyte
system are particularly sensitive to the loss of GCase activity and are unable to digest the
membrane glucosylsphingolipids of phagocytosed cells 30 . The accumulation of
undigested lipids within patient macrophages leads to the formation of characteristic
Gaucher cells. Gaucher cells are found infiltrating patient tissues, including the liver,
spleen, and bone marrow, and their prescence in large numbers together with the
secretion of cytokines by these cells is believed to be central to disease pathology 30,41 .
GD patients most commonly present with hepatosplenomegaly and bone disease, as well
as neurological manifestations in Types 2 and 3 GD. The most severe form of GD, Type
2, results in death within the first 2-3 years of life 30 . Additionally, 60% of patients
present with thrombocytopenia while 36% exhibit anemia 51 . There is also a 50-fold
greater risk of multiple myeloma within GD 45 . It is currently unknown whether intrinsic
defects in the developmental potential of the hematopoietic lineage contribute to these
hematological manifestations of GD.
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Investigations into the molecular mechanisms underlying GD pathology have
been constrained by the limited availability of the cell types relevant to disease
pathology. The molecular mechanisms underlying the hematopoietic defects of GD and
the consequence of enzyme deficiency on the HPC population have been particularly
difficult to address. This is because the HPC population is difficult to procure,
particularly from pediatric patients with the severe Types 2 and 3 GD. While one group
has looked at the effects of GCase deficiency on hematopoiesis using primary CD34+
HPCs isolated from Type 1 GD patients, no differences were reported in primitive or
mature hematopoiesis compared to controls 50 . However, as our study suggests, the mild
nature of this clinical subtype may preclude any striking in vitro phenotype.
Alternatively, the pharmacological model that has been used previously by the same
group to study the hematopoietic defects of GCase deficiency did report impaired
hematopoietic differentiation followed the treatment of wild-type CD34+ cells with the
chemical inhibitor of GCase activity, CBE 51 . However, this model is not physiological
as CBE treatment resulted in near complete enzyme inhibition, while even the most
severely affected patients retain some residual GCase enzymatic activity. Additionally,
the possibility that CBE has off-target effects that contribute to the observed phenotype
cannot be ruled out. Animal models with a targeted deletion in the GCase gene within the
hematopoietic and mesenchymal stem cell compartment have also been used to study the
pathology of GD 74 . While these animal models recapitulated hallmarks of GD,
including the presence of Gaucher cells in tissues, organomegaly, osteopenia, cytopenia,
and increased incidence of myeloma 74,75,78 , these studies did not clarify whether the
hematologic abnormalities observed were due to intrinsic defects in the hematopoietic
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lineage. To directly address this question, we used disease-specific-iPSCs as an in vitro
model for GD hematopoiesis.
We hypothesized that GD-iPSCs would serve as a unique model system to
address the poorly understood hematopoietic manifestations of GD. This system provides
the opportunity to follow the effects of GCase deficiency through the developmental
steps from pluripotency to lineage-restricted hematopoietic cells. This is particularly
relevant as some of the pathological abnormalities in Types 2 and 3 GD may start in
utero 176 . Our GD-iPSC-HPC model affords the unique opportunity to investigate the
consequences of enzyme deficiency at the earliest stages of primitive hematopoiesis. This
is in contrast to the isolation of primary CD34+ HPCs, which are already mature.
Additionally, this model preserves both the expression of mutant GCase proteins at
physiological levels and any gain-of-function activity of the mutant protein 36 , which
may contribute to the pathology of GD. We have previously demonstrated the utility of
these cells to accurately recapitulate GD hallmarks in vitro 152 . GD-iPSCs were
differentiated into the cell types most severely affect in GD, macrophages and neurons.
Both macrophages and neurons derived from GD-iPSCs exhibited decreased GCase
enzymatic activity compared to controls and these cells accumulated sphingolipids.
Additionally, we showed that GD-iPSC-macrophages exhibited a striking delay in their
ability to clear phagocytosed RBCs, a characteristic hallmark of GD. This delay in RBC
clearance corresponded with disease severity and was corrected following reconstitution
of enzyme activity with rGCase. We have also demonstrated an aberrant cytokine profile
of GD-iPSC-macrophages 40 , and defective autophagy within GD-iPSC neurons. In this
Dissertation work, we demonstrate the value of GD-iPSC to recapitulate hematopoietic
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defects of GD. This system was utilized to address the hypothesis that intrinsic defects
within the GD-HPC population contribute to the hematopoietic abnormalities seen in GD
patients.
To determine whether GD-iPSCs would recapitulate the hematopoietic
abnormalities seen in GD patients, we generated GD-iPSC representing all 3 clinical
subtypes of GD. The generation of iPSCs representing each clinical subtype of GD
allowed us to determine that there was a correlation between disease manifestations and
in vitro phenotypes. Patient fibroblasts were reprogrammed through viral transduction of
the 4 reprogramming transcription factors (OCT4, KLF4, SOX2, and c-MYC). We found
no differences in the efficiency of reprogramming or the quality of GD-iPSCs compared
to control-iPSCs, showing that GCase deficiency did not compromise the establishment
of pluripotency. This is not always the case for genetic disorders, as was demonstrated for
Fanconi anemia where genetic correction is a prerequisite for the generation of iPSCs 181 .
Importantly, the reprogramming protocol remodels the epigenetic profile to
establish an epigenome characteristic of pluripotency. This effectively minimizes the risk
of discrepancies outside of those due to specific genetic differences between subjects,
confounding our results 145 . This allows us to confidently compare our control- and GDiPSC lines. For instance, epigenetic changes that accumulate during aging are
theoretically erased during epigenetic reprogramming, and other than possible random
somatic mutations in older subjects, we can attribute differences between controls- and
GD-iPSCs purely to their defined genetic differences. Although there have been reports
that iPSCs retain an epigenic memory of the parent cell-type 118 , the ability of our
fibroblast-derived iPSCs to differentiate towards numerous cell lineages, including
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monocytes, neuronal cells, osteoblasts, osteoclasts, and as we show here, HPCs, suggests
that epigenetic memory was not a significant factor in our iPSC system.
We then determined whether the first steps in hematopoietic development are
compromised by GCase deficiency. To this end, we employed an EB-mediated hematoendothelial differentiation protocol, which is effective at generating HPCs from iPSCs
through the formation of a hemogenic endothelium 175 , mimicking in vivo primitive
hematopoietic development. Therefore, this system provided us with a relevant model for
addressing this question. Using this protocol to differentiate control- and GD-iPSCs, we
determined that there was no difference in the formation of EBs or hemogenic
endothelium between control-iPSCs and all 3 clinical subtypes of GD-iPSCs.
Additionally, GD-iPSC lines gave rise to HPCs with comparable efficiency and viability
compared to control-iPSC lines.
To determine whether both the control- and GD-HPCs we generated expressed
typical HPC markers, we performed flow cytometeric analysis for a panel of these
markers. These include the surface phosphoglycoprotein CD34, which was the first
marker identified to enrich for HPCs that are capable of reconstituting hematopoiesis in
vivo 164 and it is widely used as a marker of HPCs today. Along with CD34, CD45, a
transmembrane protein tyrosine phosphatase, expression is restricted to cells of the
hematopoietic lineage, including the rare HPC population with lymophohematopoietic
potential and it’s commonly used to identify this population 162 . Leukosialin, CD43,
expression is also indicative of multipotent HPCs and its expression generally precedes
the expression of CD45 during the hematopoietic differentiation of ESCs and iPSCs
165,182

. Finally, we identified CD143/ACE/BB9 expression on our iPSC-derived HPCs, as
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described above, hemangioblasts derived from iPSCs are positive for this marker 166 . The
flow cytometric analysis of control- and GD-HPCs for this panel of HPC markers
revealed comparable expression levels and kinetics between control-HPCs and all clinical
subtypes of GD-HPCs. This demonstrated that our differentiation protocol generated
characteristically normal HPCs.
We then confirmed that GD-HPCs had diminished GCase activity compared to
control-HPCs. This demonstrated that the enzymatic defect was maintained throughout
both reprogramming and differentiation, as would be expected considering the genetic
nature of this deficiency. Together our results suggest that GCase deficiency does not
compromise the generation of HPCs. This led us to hypothesize that the consequences of
GCase deficiency lie downstream of the generation of the HPC population leading to the
altered differentiation potential of these cells.
To address the effects of GCase deficiency on the multipotency of GD-HPCs, we
performed colony formation assays and liquid differentiation protocols together with flow
cytometric analysis. We found that GD-HPCs have a skewed lineage commitment, with
increased myeloid differentiation and decreased erythroid and megakaryocytic
differentiation. Additionally, GD-HPCs but not control-HPCs, gave rise to a population
of lipid-engorged macrophages that are reminiscent of pathological Gaucher cells. The
hematologic abnormalities of mutant HPCs observed in vitro recapitulate clinical
manifestations in patients with GD. Most of these abnormalities were reversed by
treatment with rGCase, reflecting the effectiveness of ERT, which is used to successfully
treat Type 1 GD 29 .
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To investigate the integrity of myelopoiesis in GD we used colony formation
assays specific for myeloid differentiation. In addition, we analyzed the expression of the
myeloid progenitor marker CD33 by FACS. We found that GD-HPCs had increased
myeloid differentiation compared to controls. This finding correlated with the severity of
the GCase mutations, with the mildest Type 1 GD-HPCs only showing a modest increase
in myeloid differentiation, while the most severe Types 2 and 3 GD-HPCs exhibited the
largest increase. Treatment with rGCase corrected the increased myeloid differentiation
to levels similar to controls. This finding is in contrast to the report by Berger et al. using
the CBE pharmacological inhibition model, which found impaired myeloid
differentiation 51 . While we do not know the reasons for this discrepancy, as mentioned
previously, these two models are not directly comparable. In our GD-iPSC model, the
mutant GCase proteins are expressed, which is closer to physiological conditions than
inhibition of wild-type GCase enzyme.
Considering that cells of the mononuclear phagocyte system are the cell type most
severely affected in GD, it is possible that the overproduction of myeloid cells that we
observed in vitro reflects a compensation mechanism in GD patients, by which new
macrophages are produced to replace those that become lipid-engorged and
dysfunctional. Additionally, enhanced differentiation along the myeloid lineage may also
explain the elevated formation of osteoclasts from GD peripheral blood mononuclear
cells as reported by Reed et al 183 . As osteoclasts are derived from circulating
monocyte/macrophage precursors 184 , an overproduction of these precursors by GDHPCs could result in elevated osteoclast formation, contributing to the bone disease
present in GD 185 .
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Our results also showed that erythroid and megakaryocytic differentiation of GDHPCs were compromised. While control-HPCs produced many large robust erythroid
colonies, GD-HPC-derived erythroid colonies remained small. This suggests a defect in
the more primitive erythroid progenitors, which are responsible for generating larger
colonies due to an increased proliferative capacity 167 . There was also decreased
maturation towards mature CD71- CD235a+ erythrocytes within GD-HPC-derived
erythroid colonies. This deficiency in erythroid differentiation and maturation correlated
with disease severity and was corrected by enzymatic reconstitution with rGCase. Our
results suggest that GCase deficiency skews the balance between the myeloid and
erythroid lineages, potentially by altering the fate decisions within the primitive common
progenitor that gives rise to both of these lineages 186-188 . The diminished erythroid
potential of GD-HPCs is likely to contribute to the anemia present in GD patients 41 . In
addition to anemia, 60% of GD patients have moderate to severe thrombocytopenia 41 ,
and our results suggest that this may be due to an intrinsic deficiency of GD-HPCs to
differentiate and mature towards the megakaryocyte lineage. Taken together, our results
indicate that GCase deficiency affects early differentiation as well as maturation in the
myeloid, erythroid, and megakaryocytic lineages, and that the increased differentiation
towards the myeloid lineage may be coupled to a decrease in erythroid-megakaryocytic
differentiation. The in vitro phenotypes we observed reflect known clinical abnormalities
in the erythroid and thrombocytic lineages in GD patients.
The skewed myeloid-erythroid lineage commitment we observe suggests an
imbalance in the specification towards these lineages. It is interesting to note that the
transcriptome analysis of a GD mouse model found skewed expression of the
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transcription factors PU.1/Sfpi1 and GATA1 77 . Dasgupta et al. reports that PU.1/Sfpi1
expression is elevated while GATA1 expression is decreased in a mouse model of GD 77 .
PU.1 is an important transcription factor responsible for the specification of the myeloid
lineage while GATA1 is critical for the development of the erythroid lineage 189 . The
balance between these two transcription factors is important for proper myelo-erythroid
lineage specification. Enhanced expression of PU.1/Sfpi1 could promote the formation of
myeloid progenitors at the expense of erythroid differentiation and explain the enhanced
myeloid differentiation we observe. In the future, it will be interesting to examine the
transcriptome profile of our GD-HPCs to determine if the balance between PU.1/Sfpi1
and GATA1 is skewed.
While most of our phenotypes were corrected following enzyme restoration by
treatment with rGCase, demonstrating that GCase deficiency was directly responsible for
our observed phenotypes, the genetic correction of patient genomes would more
definitively confirm this. One method to achieve this would be with viral vectors
encoding the wild-type enzyme to correct the mutation within GD-iPSCs. However, the
viral transduction of iPSCs can be challenging as transduction efficiencies are often low
and transgenes are often silenced. Additionally, the most efficient viral vectors are those
that integrate into the genome, compounding the risk for insertional mutagenesis 190 .
Alternatively, recent advances in gene correction using homologous recombination make
this technology more widely available and efficient. Designed zinc-finger nucleases
allow for the targeted insertion of a transgene within the genome via the generation of
site-specific double strand DNA breaks that are repaired by homologous recombination
using a exogenous donor DNA template 69 . Recently two new classes of nucleases have
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been developed for genomic modification. Transcription activator-like effector nuclease
(TALEN) and the CRISPR (clusters of regularly interspaced short palindromic
repeats)/Cas9 endonuclease system are new exciting methods of efficient and specific
targeted genome editing 70 . In the future, it will be interesting to employ these methods in
our system to correct the enzyme deficiency and further define the role of GCase in
hematopoietic specification, as well as explore potential HPC-based therapies.
One of the most interesting findings of this study was the identification of clusters
of adherent cells, which arose in myeloid colony assays from GD-, but not control-,
HPCs. These conspicuous cell clusters, which disappeared following incubation with
rGCase, are reminiscent of Gaucher cells, the defining hallmark of GD. Gaucher cells are
lipid-engorged macrophages, which infiltrate patient tissues including the spleen, liver,
and bone marrow 49 . Gaucher cells have been classified as macrophage-derived cells
based upon their expression of macrophage surface markers 37 and phagocytic activity
38,187

. The accumulation of undigested lipids from phagocytosed cells is believed to lead

to the activation of these cells 37 . Together, the altered inflammatory profile and tissue
infiltration of Gaucher cells are believed to be central to GD pathology and the increased
risk of developing multiple myeloma 30,41,47 . The appearance of adherent, lipid-laden
CD14+ macrophage-like cells in our colony assays suggests that Gaucher cells may also
arise directly from the aberrant differentiation of GD-HPCs. In which case, the presence
of Gaucher cells in the bone marrow may not be solely due to their infiltration of this
tissue, but perhaps also due to their origination there. Furthermore, this suggests that the
myeloid lineage abnormalities of GD-HPCs may not be confined to increased production
of myeloid progenitors, but also accelerated differentiation to pathological macrophages.
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The source of the accumulated lipid in these cells is unclear at this time however,
it is possible that this lipid accumulates due to deficiencies in autophagy within GDHPCs. Macroautophagy, the lysosomal degradation of proteins and cytoplasmic
organelles, is an important process of cellular remodeling during differentiation 191 .
Defective autophagy pathways have been linked to lysosomal storage disorders 1,192 ,
including the neuronal degeneration in GD 193 (as well as our own unpublished
observations). Future experiments will further characterize the lipid-laden CD14+
Gaucher cells we observed here. This observation could have important clinical
implications for disease management and treatment, especially within the most severe
Types 2 and 3 forms of the disease.
In summary, we developed a GD-iPSC-HPC system to address the hypothesis that
GCase deficiency alters hematopoietic lineage specification. Taken together our results
demonstrate an impaired developmental potential of GD-HPCs due to GCase enzyme
deficiency, which recapitulates clinical manifestations including anemia and
thrombocytopenia. Additionally, the appearance of lipid-laden CD14+ macrophage-like
cells, reminiscent of Gaucher cells found in patients, could have important clinical
significance as it suggests for the first time that these pathological cells may be derived
directly from GD-HPCs during myelopoiesis. Importantly, most of the hematopoietic
abnormalities of GD-HPCs we observed were almost completely reversed by incubation
with rGCase, demonstrating that these developmental defects were indeed caused by
GCase deficiency. This phenotypic reversal by rGCase further suggests that ERT may
help normalize clinical parameters in GD patients not only through rGCase uptake by
macrophages, but also by acting directly on HPCs. We conclude that GCase plays an
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important role in the development of the hematopoietic system, not only in the lineage
commitment of HPCs, but also in maturation of the myeloid and erythroid lineages. Our
results suggest that the hematopoietic consequences observed in GD patients may be due
to an inherent impairment in the multipotency of HPCs because of enzyme deficiency.
Our results illustrate the value of the GD-iPSC model we developed for studying the
molecular mechanisms by which GCase deficiency leads to GD pathology.	
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