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ABSTRACT

Gaucher disease (GD) is themost common lysosomal storage disease resulting frommutations in the
lysosomal enzyme glucocerebrosidase (GCase). The hematopoietic abnormalities in GD include the
presence of characteristic Gaucher macrophages that infiltrate patient tissues and cytopenias. At
present, it is not clearwhether these cytopenias are secondary to the pathological activity of Gaucher
cells or a direct effect of GCase deficiency on hematopoietic development. To address this question, we
differentiated induced pluripotent stem cells (iPSCs) derived from patients with types 1, 2, and 3 GD to
CD34+/CD45+/CD43+/CD143+ hematopoietic progenitor cells (HPCs) and examined their developmental
potential. The formation of GD-HPCs was unaffected. However, these progenitors demonstrated
a skewed lineage commitment, with increased myeloid differentiation and decreased erythroid differ-
entiation and maturation. Interestingly, myeloid colony-formation assays revealed that GD-HPCs, but
not control-HPCs, gave rise to adherent, macrophage-like cells, another indication of abnormal myelo-
poiesis. The extent of these hematologic abnormalities correlated with the severity of the GCasemuta-
tions. All the phenotypic abnormalities of GD-HPCs observed were reversed by incubation with
recombinant GCase, indicating that these developmental defects were caused by the mutated GCase.
Our results show that GCase deficiency directly impairs hematopoietic development. Additionally, our
results suggest that aberrant myelopoiesis might contribute to the pathological properties of Gaucher
macrophages, which are central to GD manifestations. The hematopoietic developmental defects we
observed reflect hematologic abnormalities in patients with GD, demonstrating the utility of GD-
iPSCs for modeling this disease. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:878–886

SIGNIFICANCE

This study showed that hematopoietic progenitors from patients with Gaucher disease (GD) have
intrinsic developmental abnormalities that reflect characteristic clinical manifestations. These
abnormalities include decreased erythroid potential and abnormal myelopoiesis. GD hematopoietic
progenitors gave rise to aberrant macrophage-like cells, suggesting that abnormal myelopoiesis may
contribute to the pathological properties of Gaucher macrophages. All the hematopoietic abnormal-
ities observed were reversed by incubation with recombinant glucocerebrosidase, which is used to
treat patients with type 1 GD. The results suggest that enzyme replacement therapy could help nor-
malize clinical parameters in these patients, not only through recombinant glucocerebrosidase up-
take by Gaucher macrophages, which are the intended target, but also potentially by acting directly
on hematopoietic progenitors. The results shown here provide new insights into the etiology of GD
hematopoietic abnormalities, and highlight the utility of GD iPSC for modeling the disease and ther-
apeutic development.

INTRODUCTION

Gaucher disease (GD) is the most common of the
lysosomal storage disorders, which collectively

account for∼1:5,000 live births [1]. The causative
gene in GD encodes the lysosomal membrane-

associated enzyme glucocerebrosidase (GCase).

Mutations in GCase lead to enzyme deficiency

and the accumulation of its glucosyl sphingolipid
substrates in lysosomes [1–3]. GD is classified into
three distinct clinical subtypes based on the pres-
ence and severity of neurological involvement.
Type 1 GD is the most common and mildest form
of the disease, with patients presenting with hep-
atosplenomegaly, bone disease, and hemato-
logic abnormalities. In addition to these visceral
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symptoms, patients with types 2 and 3 GD also present with neu-
rologicalmanifestations. Type2 is themost severe, acute infantile
neuronopathic form, and type 3 is a subacute, chronic neurono-
pathic form [4].

The most distinct hallmark of GD is the presence of Gaucher
cells [5]. These cells are lipid-engorged macrophages [6–8] that
infiltrate patient tissues, including the bone marrow, spleen,
and liver. Gaucher cells are erythrophagocytic and often have
remnants of red blood cells (RBCs) owing to their inability to di-
gest cell membrane lipids [8–10]. The infiltration of these cells
into patient tissues is believed to be central to the visceral
and hematopoietic defects in GD [4, 11]. Other hematopoietic
involvement in GD includes thrombocytopenia, which affects
60% of patients, and anemia, affecting 36% of patients [11, 12].
In addition to anemia, abnormal RBCmorphology [13, 14] and ag-
gregation [14, 15] have been described. GD patients also exhibit
an increased risk of developing multiple myeloma [11, 16], and it
has been proposed that this is due to increased production of
cytokines by Gaucher cells [11, 17, 18]. The molecular mecha-
nisms leading to these hematopoietic manifestations are cur-
rently poorly understood. In the present study, we sought to
examine whether GCase deficiency causes intrinsic developmen-
tal defects thatmight contribute to the hematopoietic abnormal-
ities seen in patients with GD.

The difficulty in obtaining hematopoietic progenitors cells
(HPCs) from GD patients, in particular from pediatric populations
with types 2 and 3 GD, has limited investigations into whether
GCase enzyme deficiency directly impairs the developmental po-
tential of hematopoietic progenitors. To overcome these limita-
tions, we used induced pluripotent stem cells (iPSCs) derived
fromGDpatients (GD-iPSCs) as an in vitro diseasemodel. iPSCs gen-
erated through the introduction of transcription factors identified
as master regulators of pluripotency [19, 20] offer a unique oppor-
tunity for in vitrodiseasemodeling (reviewed in [21–24]).UsingGD-
iPSCs from patients with types 1, 2, and 3 GD, we recently showed
that GD-iPSC-derived macrophages exhibit a striking delay in their
ability to clear phagocytosed RBCs, a characteristic hallmark of GD.
We also found that the extent of this defect correlated with the se-
verity of themutations and that this phenotypewas completely re-
versed by incubation with recombinant GCase (rGCase) [10].

In the present study, we found that iPSC-derived HPCs from
patients representing all three clinical subtypesofGD (GD-HPCs)
have intrinsic developmental abnormalities. GD-HPCs exhibited
enhanced myeloid differentiation and gave rise to abnormal
macrophage-like cells, strongly suggesting thatGDmyelopoiesis
is compromised. GD-HPCs also exhibited deficient erythroid dif-
ferentiation and maturation, which may contribute to the cyto-
penias observed in patients. Restoration of GCase activity in
GD-HPCs through incubation with rGCase corrected the ery-
throid and myeloid differentiation abnormalities, including ab-
rogating the appearance of abnormal macrophage-like cells.
These findings offer unique insights into the etiology of the he-
matopoietic abnormalities caused by GCase deficiency and
highlight the utility of iPSC-derived HPCs for modeling GD and
their potential for drug discovery.

MATERIALS AND METHODS

Cells

The human control and type 1, 2, and 3 GD-iPSC lines used in the
present study are listed in supplemental online Table 1. All these

iPSC lines have been previously described [10, 18]. They include
fibroblast-derived iPSCs from a patient with type 1 GD (N370S/
N370S), a patient with type 2 GD (W184R/D409H), another pa-
tient with type 2 GD (L444P/RecNci1), and a patient with type
3 GD (L444P/L444P). Control iPSC lines included iPS-DF4-7T.A
cells purchased from WiCell Repository (Madison, WI, http://
www.wicell.org), andMJ, an iPSC line derived from foreskin fibro-
blasts. DR4 mouse embryonic fibroblasts (MEFs) were obtained
from 13.5E embryos of DR4 male mice (The Jackson Laboratory,
Bar Harbor, ME, http://www.jax.org) [25] and CF1 female mice
(Charles River Laboratories, Frederick, MD, http://www.criver.
com), andmaintained in fibroblast culturemedium. The iPSC lines
were grown on irradiated DR4 MEFs in standard iPSC medium
(Dulbecco’s modified Eagle’s medium-F12 [Invitrogen, Carlsbad,
CA, http://www.lifetechnologies.com], 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 b-mercaptoethanol, and 16–30 ng/ml ba-
sic fibroblast growth factor [bFGF; Stemgent, Cambridge, MA,
http://www.stemgent.com). The iPSC lines were passaged every
5–7 days by treatment with 2mg/ml collagenase type IV (Invitro-
gen) and cell scraping. All the work with the human iPSC lines de-
scribed in the present study was performed with approval from
the institutional review board and embryonic stem cell research
oversight committees.

Hematopoietic Differentiation

Control and GD-iPSCs were differentiated into hematopoi-
etic cells, as previously described [26] and diagrammed in
supplemental online Figure 1. For embryoid body (EB) formation,
the iPSC lines were placed on adaptation medium for 24 hours.
The adaptation medium composition was StemSpanSFEM
(serum-free expansion medium; StemCell Technologies, Vancou-
ver, BC, Canada, http://www.stemcell.com), 15% (vol/vol) ES-
Cult fetal bovine serum (FBS; StemCell Technologies), 50 mg/ml
ascorbic acid, 1% (vol/vol) ExCyte (EMD Millipore, Billerica, MA,
http://www.emdmillipore.com), 1% (vol/vol) penicillin/streptomycin
(Invitrogen), 0.5% (vol/vol) insulin-transferrin-selenium-ethanolamine
(Life Technologies, Carlsbad, CA, http://www.lifetechnologies.
com). After 24 hours, the iPSCs were detached from the plates
by treatment with 2 mg/ml Dispase (Invitrogen). The detached
cellswere resuspended in adaptationmediumandadded to semi-
solid methylcellulose medium in ultra-low attachment plates
(Corning, Corning, NY, http://www.corning.com). Themethylcel-
lulose medium composition was MethoCult H4236 (StemCell
Technologies), 15% (vol/vol) ES-Cult FBS (StemCell Technolo-
gies), 3.5% (vol/vol) PFHM II (Life Technologies), 50mg/ml ascor-
bic acid, and 0.5% (vol/vol) ExCyte (EMD Millipore). EBs were
collected on day 3 and resuspended in liquid differentiationme-
dium (StemPro34 [Life Technologies], 1% [vol/vol] L-glutamine,
and 0.4mM1-Thioglycerol [Sigma-Aldrich, St. Louis,MO, http://
www.sigmaaldrich.com). The medium was supplemented with
the following cytokines: 50 ng/ml bone morphogenetic protein
4 (Miltenyi Biotec, Bergisch Gladbach, Germany, http://www.
miltenyibiotec.com), 50 ng/ml vascular endothelial growth fac-
tor A (VEGFa; Miltenyi Biotec), 50 ng/ml basic fibroblast growth
factor (bFGF; Stemgent), and 5 mg/ml heparan sulfate (Sigma-
Aldrich). The culture medium was replaced on day 6. On day
8, the EBs were collected and disaggregated using 1 mg/ml
collagenase type IV (Invitrogen), and 0.5–1.0 3 105 EB cells per
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well in 6-well plates or 5.0–9.03 105 EB cells per T75 culture flask
were plated. Before plating the EB cells, wells and flasks were
coated with 10 mg/ml fibronectin (Life Technologies) overnight
at 4°C. The plated cells were cultured in complete endothelial
growth medium-2 (EGM-2 BulletKit; Lonza, Walkersville, MD,
http://www.lonza.com) supplemented with 25 ng/ml VEGFa
(Miltenyi Biotec). EGM-2 and VEGFa supplement were replaced
the next day and every 2 days thereafter. After 3 days in EGM-
2/VEGFa culture, nonadherent HPCs arose from clusters of
cobblestone-like adherent cells. These nonadherent cells were
collected on days 3, 5, and 7 of EGM-2/VEGFa culture and ana-
lyzed by flow cytometry, or were collected on day 3 and plated
for methylcellulose hematopoietic colony formation assays, as
described in the next section.

Hematopoietic Colony-Forming Assays

Methylcellulose colony formation assays were performed to de-
termine hematopoietic progenitor frequency, as previously de-
scribed [26]. Suspension HPCs collected on day 3 of EGM-2/
VEGFa culture were resuspended in StemSpanSFEM medium
(StemCell Technologies), and added to MethoCult serum-free
methylcellulose medium (StemCell Technologies). Next, 43 104

cells per 35-mm gridded culture dish were seeded in 1.5 ml
of methylcellulose. Granulocyte/macrophage progenitors
(colony-forming unit granulocyte macrophage [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 erythropoietin (EPO; R&D
Systems, Minneapolis, MN, http://www.rndsystems.com) and
10 ng/ml each of interleukin-6 (IL-6) and IL-3 (R&D Systems). Af-
ter 8–10 days, the cultures received an additional 1 ml of the
corresponding methylcellulose. Hematopoietic colony forma-
tion was scored at 16–20 days of culture, and cells were col-
lected for flow cytometric analysis at this time. The colony
counts were scored and averaged between duplicates, and
the experiments were repeated independently at least three
times.

Flow Cytometry

For flow cytometric analysis, HPCs from EGM-2/VEGFa culture
were collected on days 3, 5, and 7, and hematopoietic colo-
nies grown in methylcellulose were washed with phosphate-
buffered saline (PBS) andcollectedbetweendays 16and20.Next,
0.5–1.03105 cellswere resuspended in100ml of 5%FBS/PBSand
incubated for 20 minutes on ice in the dark with the indicated
fluorochrome-conjugated antibodies listed, singly or in dual com-
bination. For hemoglobin expression analysis, a cell permeabili-
zation kit (catalog no. GAS004; Invitrogen) was used per the
manufacturer’s instructions. Isotype-matched control antibodies
were used to control for nonspecific binding. Spectral compensa-
tion was achieved using CaliBRITE Beads (eBioscience, Inc., San
Diego, CA, http://www.ebioscience.com), singly stained for each
fluorochrome according to the manufacturer’s instructions. The
cells were washed with PBS, centrifuged, and resuspended in
PBS for data acquisition using a BD LSRII flow cytometer (BD
Biosciences, San Diego, CA, http://www.bdbiosciences.com). At
least 10,000 events were acquired for each tube and analyzed us-
ing FlowJo software (Tree Star, Inc., Ashland, OR, http://www.
treestar.com).

Antibodies for Flow Cytometry

The following antibodieswere used for flow cytometric analysis:
CD34-PE (catalog no. 555822), CD45-APC (catalog no. 555485),
CD43-fluorescein isothiocyanate (FITC; catalog no. 555475),
CD143/ACE/BB9 (catalog no. 557929), CD14-APC (catalog no.
555399), CD71-APC (catalog no. 551374), CD235a-PE (catalog
no. 555570), and hemoglobin-«-FITC (catalog no. 552829). All
the antibodies were purchased from BD Biosciences.

May-Grünwald-Giemsa Stain

The methylcellulose was washed out with PBS, and the adherent
cell clusters from the myeloid colony formation assays were
stained with May-Grünwald (MG 500)-Giemsa (G-9641; Sigma-
Aldrich) according to the manufacturer’s instructions.

Immunofluorescence Analysis

Themethylcellulosewaswashedoutwith PBS. Adherent cell clus-
ters from myeloid colony formation assays were fixed with 4%
(vol/vol) paraformaldehyde for 15 minutes, and blocked in PBS
containing 8% FBS/0.05% sodium azide. The cells were stained
with FITC-CD14 (catalog no. sc-1182; Santa Cruz Biotechnology
Inc., Santa Cruz, CA, http://www.scbt.com) at a concentration
of 1:50 in PBS/8% FBS/0.05% sodium azide with 2mg/ml saponin
for 1 hour. The cell nuclei were stained with 496-diamidino-2-
phenylindole-containing mounting medium (Vectashield; Vector
Laboratories, Burlingame, CA, http://www.vectorlabs.com). FITC-
isotype(catalogno.555748;BDBiosciences)wasusedasanegative
control.

Imaging

Nonfluorescent images were captured using an inverted Nikon
Eclipse TE-2000 microscope with Nikon Imaging Systems (NIS)-
Elements AR 3.0 collection software (Nikon, Tokyo, Japan,
http://www.nikon.com). Fluorescent images were captured us-
ing an inverted Nikon Eclipse TE-2000S microscope with NIS-
Elements BR 3.1 collection software. ImageJ64 software (NIH,
Bethesda, MD) was used to compile the fluorescent overlay
images.

Treatment With recombinant GCase

For treatment with recombinant human GCase, EGM-2/VEGFa
cultures were supplemented with 0.24 U/ml Cerezyme (Genzyme,
Cambridge, MA, http://www.genzyme.com), and rGCase was
replenished every other day. The same concentration of
rGCase was also added to methylcellulose colony formation
assays and replenished after 8–10 days. Cerezyme was obtained
from patient infusion remnants.

Statistical Analysis

The colony formation data were analyzed using the nonparamet-
ric Kruskal-Wallis test comparing thepooled controls against each
of the patient cases for all colony counts, using the SPSS statistical
software package, release 22.0.0 (IBM Corp., Armonk, NY, http://
www-01.ibm.com/software/analytics/spss/). The data for marker
expressionwereanalyzedusingPrismsoftware, version4.0c (Graph-
Pad Software, Inc., San Diego, CA, http://www.graphpad.com) and
two-tailed unpaired Student’s t tests with a confidence level for
significance of 95%.
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RESULTS

GCase Deficiency Does Not Impair HPC Generation

In order to investigate the effects of GCase enzyme deficiency on
the hematopoietic system, control iPSCs and GD-iPSCs represent-
ing all three clinical subtypes of GD (supplemental online Table 1)
weredifferentiated toHPCsusingapreviouslyestablishedprotocol
[26] (supplemental online Fig. 1). As shown in Figure 1A and 1B, all
GD- and control iPSC lines gave rise to HPCs with comparable effi-
ciency and viability, as assessed by trypan blue exclusion.We then
characterized the iPSC-derived HPCs according to the expression
of known HPC markers, namely CD34 [26], CD45 [26], CD143/
angiotensin converting enzyme (ACE/BB9) [27], and CD43 (leuko-
sialin) [28, 29]. The expression kinetics of these markers was com-
parable between the control and types 1, 2, and 3 GD-HPCs (Fig.
1C–1F; supplemental online Fig. 2). These results suggest that
GCase enzyme deficiency does not compromise HPC generation.

GD-HPCs Have Altered Myeloid and Erythroid
Differentiation Potential

In order to assess the multilineage potential of GD-HPCs, we per-
formed colony formation assays specific for either themyeloid or

erythroid lineages. Both control andGD-HPCsgave rise tomyeloid
and erythroid colonies with typical morphologies (supplemental
online Fig. 3).

To performmyeloid colony formation assays, control andGD-
HPCs were plated in methylcellulose medium containing G-CSF
and GM-CSF. GD-HPCs exhibited increased differentiation poten-
tial toward themyeloid lineage, as assessed by the increased for-
mation of myeloid colonies (Fig. 2A). Although patient-specific
differences were observed, this increased propensity for myeloid
differentiation correlatedwith disease severity. Themutant HPCs
frommild type 1GD showed only a slight increase inmyeloid dif-
ferentiation, while HPCs from the more severe types 2 and 3 GD
had the largest increases (Fig. 2A). The increase in myeloid dif-
ferentiation potential in GD-HPCs compared with control HPCs
was confirmed by flow cytometric analysis of myeloid colonies,
using antibodies to the myeloid progenitor marker CD33. The
myeloid colonies derived from the most severe type 2 GD-
HPCs exhibited increased expression of CD33 compared with
those derived from the control HPCs (Fig. 2B; supplemental
online Fig. 4A).

To perform erythroid colony formation assays, control and
GD-HPCs were plated in methylcellulose medium containing

Figure 1. Generation and characterization of HPC lines. The indicated control and type 1, 2, and 3 GD-HPCs were collected from EGM-2 hemo-
genic endothelium culture at the indicated times. (A):Ordinates indicate the number of viable HPCs collected fromhemogenic endothelium per
well. No difference was found in the generation efficiency for this population between the GD and control lines (mean6 SEM). (B): The per-
centage of viable HPCs collected from thehemogenic endothelium culturewas determined by trypan blue exclusion. No differencewas found in
viability between the GD-HPCs and control HPCs (mean6 SEM). (C–F): Control and type 1, 2, and 3 GD-HPCs were collected from EGM-2 hemo-
genic endothelium culture at the indicated time points and analyzed for hematopoietic progenitor markers using flow cytometry: CD34 (C),
CD143/ACE/BB9 (D), CD45 (E), and CD43 (F). The expression levels and kinetics of marker expression were comparable between the GD-HPCs
and control-HPCs (mean6 SEM). Abbreviations: EGM-2, endothelial growthmedium-2; FACS, fluorescence-activated cell sorting; GD, Gaucher
disease; HPC, hematopoietic progenitor cell.
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EPO. The appearance of CFU-E colonies in methylcellulose is
shown in supplemental online Figure 4B. Differentiation of types
2 and 3 GD-HPCs resulted in decreased frequencies of the larger,
more mature erythroid colonies consisting of more than 50 cells
compared with those in the controls (Fig. 2C). We then perfor-
med flow cytometric analysis for the erythroidmarkers CD71 (trans-
ferrin receptor) and CD235a (glycophorin A). CD71 is highly
expressed on early erythroid precursor cells, and its expres-
sion decreases as the cells mature to CD235a+ erythroblasts
[30–32]. Flow cytometric analysis revealed a decrease in the
CD712 CD235a+ erythrocyte population within erythroid colonies
derived from GD-HPCs compared with controls (Fig. 2D). This defi-
ciency in erythroid differentiation and maturation also correlated
with disease severity, with HPCs from types 2 and 3 GD exhibiting
more impaired erythroid differentiation than type 1 GD-HPCs (Fig.
2C).Nodifferencewas foundbetweentheexpressionofthedifferent
hemoglobin (Hb) forms between the control HPC- and GD-HPC-
derived erythroid colonies, with Hb-« being the primary form
(supplemental online Fig. 4C; data not shown).

Together, our colony formation assays and flow cytometric
data showed that GD-HPCs display an increased propensity for dif-
ferentiationalong themyeloid lineageanddecreaseddifferentiation
and maturation toward the erythroid lineage. These abnormali-
tiesmay contribute to the anemia and the presence of large num-
bers of pathological macrophages in patients with GD [11].

Reversal of Hematologic Phenotype by TreatmentWith
Recombinant GCase

To determine whether GCase enzyme deficiency was directly
responsible for altering the GD-HPC differentiation potential,
we generated HPCs in the presence of rGCase and performed
myeloid and erythroid colony formation assays in methylcellu-
lose supplementedwith rGCase. rGCase treatment reversed the
increased myeloid differentiation potential of types 1, 2, and 3
GD-HPCs, decreasing the total number of myeloid colonies (Fig.
3A) and the number of CFU-G, CFU-M, and CFU-GM colonies
(supplemental online Fig. 5A) to levels similar to those of
the controls. rGCase treatment had no significant effect on con-
trol HPC myeloid differentiation. Similarly, flow cytometric
analysis showed that treatment with rGCase reversed the
increase in the percentage of CD33+ myeloid progenitors de-
rived from type 2 GD-HPCs to control levels (supplemental
online Fig. 5B).

Incubation of GD-HPCs with rGCase also increased erythroid
differentiation, as evidenced by the increased formation of larger
CFU-E colonies after enzyme treatment (Fig. 3B). rGCase treat-
ment had no significant effect on control HPC erythroid differen-
tiation. Flow cytometric analysis showed that rGCase treatment
also restored erythroid maturation, increasing the percentage
of CD712 CD235a+ mature erythrocytes derived from type 2
GD-HPCs to control levels (supplemental online Fig. 5C).

Figure 2. Skewedmyeloid and erythroid potential of GD-HPCs. (A): The indicated control and GD-HPCs were assayed for myeloid-specific col-
ony formation. The data demonstrate an increased differentiation potential of GD-HPCs toward the myeloid lineage. The p values from the
nonparametric Kruskal-Wallis test are indicated (mean6 SEM). (B):Myeloid colonies collected frommethylcellulose were analyzed for expres-
sion of themyeloid progenitor marker CD33 by flow cytometry. Representative histograms show that type 2 GD-HPC-derivedmyeloid colonies
have increased CD33 expression. Gray shaded line represents isotype control. (C): Control and GD-HPCs were assayed for erythroid-specific
colony formation. The results show a decreased percentage of large CFU-E colonies (those consisting of $50 cells) from GD-HPCs. Shown is
the p value from the nonparametric Kruskal-Wallis test (mean6 SEM). (D): The indicated control HPC- and GD-HPC-derived erythroid colonies
were collected frommethylcellulose assays and analyzed for the erythroidmarkers CD71 and CD235a using flow cytometry. The data show that
the percentage of mature erythrocytes with the expression profile of CD712 CD235a+ was reduced in GD-HPC-derived compared with control
HPC-derived erythroid colonies. +, p, .05, Student’s t test (mean6 SEM). Abbreviations: CFC, colony forming cell; CFU, colony forming unit;
E, erythroid; G, granulocyte; GD, Gaucher disease; HPC, hematopoietic progenitor cell; M, macrophage.
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The reversal of the skewed myeloid and erythroid differenti-
ationpotential ofGD-HPCsby rGCase treatment strongly suggests
that the hematopoietic abnormalities we observed were caused
by GCase deficiency.

GD-HPCs Give Rise to Clusters of Abnormal
Macrophage-Like Cells

While performing myeloid colony formation assays from GD-
HPCs, 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, which contained only a few cells (Fig. 4A).
The frequency of adherent cell clusters varied among the differ-
ent GD genotypes, with the highest number corresponding to
type 2 GD patient 1. Treatment of GD-HPCs with rGCase during
their generation in EGM-2 culture and duringmethylcellulose col-
ony formation assays completely abrogated the appearance of
these adherent cells (Fig. 4A), indicating that their abnormal pres-
ence was caused by GCase deficiency. To characterize these
adherent cells, we performed May-Grünwald-Giemsa staining.
The adherent cells had a macrophage-like morphology (Fig.
4B). To determine whether these cells, which appeared in mye-
loid colony assays only, expressed macrophage markers, we
performed immunofluorescence staining for the macrophage
marker CD14. These adherent cells expressed CD14, consistent

with their macrophage-like morphological appearance (Fig. 4C).
These results suggest that aberrant myelopoiesis might contrib-
ute to the pathological properties of Gaucher macrophages,
which are central players in GD.

DISCUSSION

In the present study, we used GD-iPSCs to examine whether
GCase deficiency has a direct effect on the developmental po-
tential of the hematopoietic lineage. We found that GCase de-
ficiency did not affect the formation of HPCs. However, their
multipotency was skewed toward increased myeloid differenti-
ation and decreased erythroid differentiation. Additionally,
GD-HPCs, but not control HPCs, gave rise to a population of abnor-
mal macrophage-like cells, another indication of abnormalities in
the lineage that gives rise to hallmark Gaucher macrophages. All
these abnormalities were reversed by incubation with rGCase,
which is used to successfully treat type 1 GD [33, 34]. The hemato-
logic abnormalities of mutant HPCs we observed in vitro recapitu-
late clinical manifestations in patients with GD, suggesting that
GD-iPSCs are a valuable tool to model GD.

It has been suggested that the infiltration of patient tissues by
pathological Gaucher cells is primarily responsible for the hema-
topoietic andvisceral abnormalities present inGD [4]. In this view,
overly active phagocytic macrophages may cause a reduction
in circulating RBCs and other hematopoietic cells, leading to

Figure 3. Recombinant GCase reverses themyeloid and erythroid abnormalities of GD-HPCs. Recombinant GCasewas added to EGM-2 hemo-
genic endothelium cultures to correct the enzyme deficiency in GD-HPCs, and colony formation was assayed. (A): Treatment with rGCase re-
versed the increased myeloid differentiation within all GD-HPC lines, bringing the total number of myeloid colonies scored to levels similar to
that of the controls. rGCase treatment hadno significant effect on controls (mean6 SEM). (B): Treatmentwith rGCase increased thepercentage
of large CFU-E colonies fromGD-HPCs. rGCase treatment had no significant effect on the controls (mean6 SEM). Abbreviations: CFU-E, colony-
forming unit-erythroid; GCase, glucocerebrosidase; GD, Gaucher disease; HPC, hematopoietic progenitor cell; rGCase, recombinant
glucocerebrosidase.
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cytopenias and to the formation of lipid-engorged, pathological
Gaucher cells [7–9]. However, it is also possible that developmen-
tal abnormalities within the mutant HPC population are respon-
sible for, or contribute to, the hematologic manifestations in
these patients. Earlier studies have reported impaired erythroid
and myeloid differentiation after treatment of CD34+ HPCs from
normal subjects with conduritol B epoxide (CBE), which caused
99% inhibition of the wild-type enzyme [35]. In our GD-iPSC-
HPC model, we observed an increase in myeloid differentiation,
in contrast to the findings reported in those pharmacological
inhibition studies. Although we do not know the reasons for this
discrepancy, the two studies 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. In addition, any gain-of-function activity of the
mutant proteins [36], which may play a role in the pathology
of GD, is preserved in our system. Finally, the possibility that
CBE has off-target effects that contribute to the observed pheno-
type cannot be ruled out. Animalmodels with a targeted deletion
in the GCase gene within the hematopoietic and mesenchymal
stem cell compartment [37] have also been used to study the
pathology of GD. While these animal models recapitulate the
hallmarks of GD, including the presence of Gaucher cells in tis-
sues, cytopenias, and an increased incidence of myeloma
[37–39], these studies did not clarify whether the hematologic
abnormalities observed were secondary to Gaucher cell infiltra-
tion, or due to intrinsic defects in the hematopoietic lineage.
To directly address these questions, we used disease-specific
iPSCs as an in vitro model for GD hematopoiesis. As some of
the pathological abnormalities in types 2 and 3 GD may start
in utero [40], our GD-iPSC model provides an opportunity
to investigate the effects of GCase deficiency through the

developmental steps from pluripotency to lineage-restricted he-
matopoietic cells.

GCase mutations did not affect the generation or viability of
HPCsderived fromtypes1, 2, and3GD, suggesting that theeffects
of GCase deficiency on hematopoiesis lie downstreamof the gen-
eration of the HPC pool. Our results showed that GD-HPCs had an
increased differentiation potential toward the myeloid lineage.
This finding correlated with the severity of the GCase mutations,
with themildest 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. One of themost interest-
ing findings of the present study was the identification of clusters
of abnormal adherent cells, which arose in myeloid colony assays
from GD-HPCs but not control HPCs. These conspicuous cell clus-
ters failed to appearwhen the assayswere performed in the pres-
ence of rGCase, indicating that their formation was a result
of GCase deficiency. The appearance of adherent, CD14+

macrophage-like cells in our colony assays suggests that the my-
eloid lineage abnormalities of GD-HPCs might not be confined to
increased production of myeloid progenitors, but also aberrant
maturation, which might contribute to the pathological proper-
ties of Gaucher macrophages. Gaucher cells are pathological
lipid-engorged macrophages, which infiltrate patient tissues, in-
cluding the spleen, liver, and bone marrow [4]. Together, the tis-
sue infiltration of Gaucher cells and their altered inflammatory
profile [18] are believed to be central to GD pathology and the in-
creased risk of developingmultiplemyeloma [4, 11, 17]. Although
the results of colony-formation assays in vitro cannot be extrap-
olated to in vivo myelopoiesis, our results suggest the possibility
that the presence of pathological macrophages in the bone mar-
rowmight not be solely due to their infiltration of this tissue, but
perhaps also due to their origination there.

Figure 4. GD-HPCs give rise to adherent macrophage-like cells. (A): The indicated control and GD-HPCs 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-HPC cultures. Shown are p values from the nonparametric Kruskal-Wallis
test (mean6 SEM). (B): Adherent cell clusters were stained withMay-Grünwald-Giemsa. Representative image of adherent cell clusters derived
from type 2 GD-HPCs showingmacrophage-likemorphology. Scale bars = 50mm;magnification320. (C): Adherent cell clusterswere stainedwith
antibodies to the macrophage marker CD14. Representative fluorescent images show the expression of CD14 within adherent cells derived from
type 2 GD-HPCs. Left: Staining with isotype control. Blue, 49,6-diamidino-2-phenylindole; green, CD14. Scale bars = 50 mm; magnification320.
Abbreviations: GD, Gaucher disease; HPC, hematopoietic progenitor cell; rGCase, recombinant glucocerebrosidase.
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Our results showed that erythroid differentiation of GD-HPCs
was also compromised. Although control-HPCs produced many
large, robust erythroid colonies, GD-HPC-derived erythroid colo-
nies remained small. This suggests a defect in the more primitive
erythroidprogenitors,whichare responsible for generating larger
colonies owing to an increased proliferative capacity [41]. There
was also decreased maturation toward CD712 CD235a+ ery-
throid progenitors within GD-HPC-derived erythroid colonies.
This deficiency in erythroid differentiation andmaturation corre-
lated with disease severity. It should be noted that iPSC-derived
erythroid progenitors are not indicative of definitive hematopoi-
esis, as these cells express primarily Hb-« [26, 42]. Our results
suggest thatGCasedeficiency skews thebalancebetween themy-
eloid and erythroid lineages, potentially by altering the fate deci-
sions within the primitive common progenitor that gives rise to
both these lineages [43–45]. The diminished erythroid potential
of GD-HPCs might contribute to the anemia present in GD
patients [11]. Taken together, our results indicate that GCase
deficiency affects early differentiation and maturation in the
myeloid and erythroid lineages, and that the increased differen-
tiation toward themyeloid lineagemightbecoupled toadecrease
in erythroid differentiation. The in vitro phenotypes we observed
reflect known clinical abnormalities in the erythroid lineage in GD
patients. Importantly, all the hematopoietic abnormalities of
GD-HPCs we observed were almost completely reversed by in-
cubation with rGCase, demonstrating that these developmental
defects were caused by GCase deficiency. Enzyme replacement
therapy (ERT) using rGCase is a very effective treatment for type
1 GD. It reduces the burden of Gaucher macrophages and allevi-
ates the cytopenias in these patients. The phenotypic reversal by
rGCase we observed suggests that ERT could help normalize the
clinical parameters in GD patients, not only through rGCase up-
take by Gaucher macrophages [46], but also by acting directly
on HPCs. We should note that although the GD-iPSCs we used
in these studies were derived from 4 GD patients carrying the
most frequent GCase mutations in types 1, 2, and 3 GD [47–49],
additional studieswithmorepatients representative of each geno-
type are required to validate our conclusions.

CONCLUSION

Our results demonstrate an impaired developmental potential of
GD-HPCs due to GCase enzyme deficiency that reflects clinical
manifestations. We showed that GCase deficiency results in al-
tered hematopoietic differentiation such that myeloid differenti-
ation is enhanced and erythroid differentiation and maturation
are deficient. Our results also suggest that aberrant myelopoiesis
might contribute to the generation of pathological macrophages,
which are central to themanifestations of GD. GD-iPSCswill be an
invaluable tool to identify themechanisms that underlie the path-
ophysiology of GD.
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