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In vitro erythroid differentiation from primary human cells is
valuable to develop genetic strategies for hemoglobin disor-
ders. However, current erythroid differentiation methods are
encumbered by modest transduction rates and high baseline
fetal hemoglobin production. In this study, we sought to
improve both genetic modification and hemoglobin produc-
tion among human erythroid cells in vitro. To model therapeu-
tic strategies, we transduced human CD34+ cells and peripheral
blood mononuclear cells (PBMCs) with lentiviral vectors and
compared erythropoietin-based erythroid differentiation using
fetal-bovine-serum-containing media and serum-free media.
We observed more efficient transduction (85%–93%) in
serum-free media than serum-containing media (20%–69%),
whereas the addition of knockout serum replacement (KSR)
was required for serum-free media to promote efficient
erythroid differentiation (96%). High-level adult hemoglobin
production detectable by electrophoresis was achieved using
serum-free media similar to serum-containing media. Impor-
tantly, low fetal hemoglobin production was observed in the
optimized serum-free media. Using KSR-containing, serum-
free erythroid differentiation media, therapeutic adult hemo-
globin production was detected at protein levels with b-globin
lentiviral transduction in both CD34+ cells and PBMCs from
sickle cell disease subjects. Our in vitro erythroid differentia-
tion system provides a practical evaluation platform for adult
hemoglobin production among human erythroid cells
following genetic manipulation.
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INTRODUCTION
In vitro erythroid differentiation from primary human cells is a valu-
able tool for the development of genetic strategies aimed at red blood
cell (RBC) diseases. Genetic modification of hematopoietic stem cells
(HSCs) is potentially curative for hemoglobin (Hb) disorders,
including b-thalassemia and sickle cell disease (SCD). In current
HSC-targeted gene therapy trials, a normal b-globin or anti-sickling
bT87Q-globin gene is delivered with lentiviral transduction into
HSCs in b-thalassemia and SCD patients. Therapeutic efficacy has
proven more robust in b-thalassemia; however, further development
of gene therapy strategies remains crucial to cure Hb disorders, espe-
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cially for SCD.1,2 The lentiviral delivery system for genetic modifica-
tion is useful not only for addition of the b-globin (or g-globin) gene
but also an induction of Hb switching from adult Hb (or sickle Hb) to
fetal Hb, which can be achieved by RNAi targeting BCL11A gene as
well as through forced looping between the b-globin locus control re-
gion and the g-globin promoter.3,4 The recent development of robust
genome-editing tools also allows for development of new genetic stra-
tegies to treat Hb disorders, including fetal Hb induction by DNA
breakage of either the erythroid-specific BCL11A gene enhancer or
the potential BCL11A binding site upstream of g-globin promoter
as well as gene correction of the SCD mutation through homology-
directed repair in human CD34+ cells,5–7

To evaluate these genetic tools, in vitro human erythroid differentia-
tion culture must be optimal, with high-level baseline adult Hb pro-
duction as well as minimal fetal Hb. In addition, optimal in vitro
erythroid differentiation methods could be useful as an alternative
source of RBC transfusion, because RBC transfusion has potential
risks of alloimmunization, transmitting infection, and transfusion re-
actions. For this purpose, erythroid cells are generated from human
hematopoietic progenitor cells, including CD34+ cells and peripheral
blood mononuclear cells (PBMCs), because predominant adult Hb
production could result from these primary cells following erythroid
differentiation.

Human erythropoietin is a key cytokine to induce erythroid differen-
tiation from human progenitor cells, and several cytokines and meta-
bolic hormones are added to support further differentiation and
expansion.8 Fetal bovine serum (FBS) has also proven essential for
erythroid cell generation in vitro, yet clinical application requires
the development of serum-free erythroid differentiation methods.
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Figure 1. Lentiviral Transduction of Human CD34+ Cells before and after Initiating Erythroid Differentiation

(A and B)We transduced CD34+ cells with an EGFP-encoding lentiviral vector at 1 or 2 days after initiating differentiation (B) and compared to transduction in X-VIVO10media

at 1 day before differentiation (A). (C) We evaluated erythroid differentiation (evidenced by high percentages of glycophorin A [GPA] and low percentages of CD71 expression),

transduction efficiency (GFP positive), and cell counts 12 days after differentiation. DEX, dexamethasone; E2, estradiol; EPO, erythropoietin; FL, fms-related tyrosine kinase 3

ligand; IL-3: interleukin-3; IMDM, Iscove’smodified Dulbecco’smedium; SCF, stem cell factor; TF, transferrin; TPO, thrombopoietin; bars: mean ± SEM. All experiments were

performed in triplicate.
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Furthermore, the elimination of FBS could prove valuable in reducing
variability among serum lots while minimizing the risks of infection
and immunoreaction in patients.8,9

Current erythroid differentiation methods were developed for robust
expansion of erythroid cells, but not for an optimal evaluation of Hb
production following genetic modification, which requires not only
efficient genetic modification but also high-level adult Hb production
and minimal fetal Hb production. In this study, we sought to improve
erythroid differentiation and Hb production following genetic modi-
fication of human CD34+ cells and PBMCs.

RESULTS
Lentiviral Transduction of Human CD34+ Cells before and after

Initiating Erythroid Differentiation

We transduced human CD34+ cells with an EGFP-expressing lentivi-
ral vector in serum-free X-VIVO10 media, mimicking that utilized
for clinical transplantation of HSCs with lentiviral transduction.
These cells were differentiated into erythroid cells using Iscove’s
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modified Dulbecco’s medium (IMDM)-based erythroid differentia-
tion media containing 20% FBS and 2 U/mL erythropoietin (EPO),
including a differentiation phase with stem cell factor (SCF) and
interleukin-3 (IL-3), followed by a maturation phase (Figure 1A).8

Two weeks later, we evaluated erythroid maturation (evidenced by
high percentage of glycophorin A [%GPA] and low percentage of
CD71 [%CD71]), transduction efficiency (GFP expression [%GFP]
among GPA-positive erythroid cells), and total cell counts. To
improve transduction efficiency specifically for the erythroid lineage,
we transduced CD34+ cells at 1 or 2 days after initiating erythroid dif-
ferentiation (Figure 1B) and compared to transduction in serum-free
X-VIVO10 media at 1 day before erythroid differentiation.10 The
2-day expansion in X-VIVO10 culture before initiating erythroid
differentiation allowed for 3-fold more proliferation of erythroid
cells (p < 0.01; Figure 1C). We observed similar %GPA (60% ± 7%
versus 69%–75%) between transduction before and after initi-
ating erythroid differentiation, whereas unexpectedly, lower %GFP
(44%–54%; p < 0.01) was observed when the transduction was per-
formed during erythroid differentiation in serum-containing media,
18



Figure 2. More Efficient Transduction in Serum-free

Erythroid Differentiation for Human CD34+ Cells and

PBMCs

(A) We used both CD34+ cells and peripheral blood

mononuclear cells (PBMCs) to evaluate StemSpan-based

serum-free differentiation media with lentiviral trans-

duction at 2 days after initiating differentiation. (B) We

performed transduction in StemSpan-based serum-free

media followed by erythroid differentiation in serum-con-

taining differentiation media. (C) We evaluated erythroid

differentiation (GPA and CD71 expression), transduction

(GFP positive), and cell counts 11 days after differentia-

tion. (D) Hemoglobin (Hb) production was evaluated by Hb

electrophoresis at day 11. HbA, adult hemoglobin; HbF,

fetal hemoglobin; bars: mean ± SEM. All experiments

except Hb electrophoresis (single run) were performed in

triplicate.
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as compared to serum-free transduction before differentiation
(66% ± 1%; Figures 1C and S1).

More Efficient Transduction in Serum-free Erythroid

Differentiation for Human CD34+ Cells and PBMCs

We hypothesized that lentiviral transduction is inhibited by FBS con-
tained in differentiation media. Therefore, we evaluated StemSpan-
based serum-free erythroid differentiation media, including the
equivalent amounts of EPO (2 U/mL) and higher concentrations of
cytokines (5-fold SCF [5�SCF] and 10-fold IL-3 [10�IL-3])11 with
lentiviral transduction at 2 days after initiating differentiation from
CD34+ cells, as compared to IMDM-based serum-containing differen-
tiation media (20% FBS and EPO; Figure 2A). We selected StemSpan
as a base of serum-free erythroid differentiation media, because it is
produced from IMDM with several supplements. After a 2-week dif-
ferentiation culture, we observed higher %GFP (93% ± 0%; p < 0.01)
in the serum-free media than in the serum-containing media
Molecular Therapy: Methods
(69% ± 1%; Figures 2C and S2). However, the
serum-free media resulted in insufficient
erythroid differentiation with similar %GPA
(74.1% ± 0% versus 80% ± 4%) and higher %
CD71 (66% ± 1% versus 36% ± 7%; p < 0.05),
3-fold less erythroid cell expansion (p < 0.01; Fig-
ures 2C and S2), and undetectable Hb produc-
tion by Hb electrophoresis (Figure 2D), as
compared to serum-containing media.

To obtain both efficient transduction and high-
level Hb production, we explored transduction
in StemSpan-based serum-free differentiation
media followed by erythroid differentiation in
serum-containing media (Figure 2B), which
resulted in higher %GFP (92% ± 1%; p < 0.01),
efficient erythroid differentiation with similar %
GPA (85% ± 0%) and %CD71 (42% ± 6%),
similar erythroid cell expansion, and high-level
adult Hb production, as compared to serum-containing differentiation
media alone (Figures 2C, 2D, and S2). When we used human PBMCs
for transduction in StemSpan-based serum-free media followed by
erythroid differentiation in serum-containing media, we also obtained
efficient erythroid differentiation with higher %GPA (90%± 0% versus
86% ± 1%; p < 0.05) and lower %CD71 (56% ± 2% versus 70% ± 3%;
p < 0.01) and sufficientHbproductionwithmore efficient transduction
(44% ± 1% versus 11% ± 1%; p < 0.01; Figures 2C, 2D, and S2), as
compared to serum-containing differentiation media.

Improvement of Erythroid Differentiation with Efficient Lentiviral

Transduction through Addition of Lipids or KSR

We further investigated serum-free erythroid differentiation with len-
tiviral transduction to eliminate FBS supplementation for the entire
procedure, because FBS increases the variability observed among ex-
periments.10 We hypothesized that lipid supplementation is essential
for efficient erythroid differentiation in the absence of serum, because
& Clinical Development Vol. 9 June 2018 249
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Figure 3. Improvement of Erythroid Differentiation

with Efficient Lentiviral Transduction by an Addition

of Lipids or KSR

(A) We added a lipid mixture (1�, 2�, or 5�) or knockout

serum replacement (KSR) (including lipid-rich albumin)

into StemSpan-based serum-free erythroid differentiation

media or replaced 20% fetal bovine serum with 20% KSR

in IMDM-based differentiation media. (B) We evaluated

erythroid differentiation (GPA and CD71 expression),

transduction (GFP positive), and cell counts 13 days after

differentiation. (C) Hb production was evaluated

by Hb electrophoresis at day 13. The bars represent

mean ± SEM. All experiments except Hb electrophoresis

(single run) were performed in triplicate.
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other supplements, including lipids, were described for optimal prolif-
eration in erythroid cells as well as erythroid colonies, and lipids
are contained in FBS.8,12,13 Therefore, we added a lipid mixture
(1 mL/mL [1�], 2 mL/mL [2�], or 5 mL/mL [5�]) or 20% knockout
serum replacement (KSR) (including lipid-rich albumin) into
StemSpan-based serum-free erythroid differentiation media or simply
replaced 20%FBSwith 20%KSR in IMDM-based differentiationmedia
(Figure 3A). Both lipid and KSR supplementation in serum-free differ-
entiation media improved erythroid differentiation from CD34+ cells
with efficient lentiviral transduction, resulting in higher %GFP (85%–
92% versus 42% ± 4%; p < 0.01) and slightly less erythroid differentia-
tion with comparable %GPA (91%–96% versus 97% ± 0%; p < 0.05 or
not significant) and higher %CD71 (34%–51% versus 11% ± 2%;
p < 0.01; Figure 3B) and robustHbproduction (Figure 3C) as compared
to serum-containing differentiation media. We observed nucleated
cells with blue to pink cytoplasm (like erythroblasts) as well as enucle-
ated cells with pink cytoplasm (like RBCs) in differentiated cells using
either 20% serum or 20% KSR (Figure S3A). Even with less erythroid
differentiation (higher %CD71), slightly higher or similar enucleation
250 Molecular Therapy: Methods & Clinical Development Vol. 9 June 2018
ratios were detected in 20% KSR serum-free dif-
ferentiation media (15%–25%) as compared to
20% serum-containing differentiation media
(13%–17%; Figure S3B). These data demon-
strated that lipid (or KSR) supplementation is
required for efficient erythroid differentiation
with high-level transduction in serum-free dif-
ferentiation media.

Additionally, we evaluated higher concentra-
tions of SCF (5�SCF) and/or IL-3 (10�IL-3)
in IMDM-based serum-free differentiation me-
dia with 20% KSR for CD34+ cells as well as
PBMCs (Figure 4A). 5�SCF slightly increased
erythroid cell expansion (1.5- to 1.6-fold in
CD34+ cells and 1.5- to 2.2-fold in PBMCs),
but not 10�IL-3, whereas neither transduction
efficiency nor erythroid differentiation were
strongly affected by 5�SCF and/or 10�IL-3
(Figures 4B and 4C).
Interestingly, lower levels of fetal Hb production were observed in
IMDM-based serum-free differentiation media with 20% KSR for
both CD34+ cells and PBMCs as compared to serum-containing dif-
ferentiation media, whereas 5�SCF slightly increased fetal Hb pro-
duction in serum-free differentiation media as compared to 1�SCF,
analyzed by Hb electrophoresis (Figures 4D and 4E). Using reverse-
phase high-performance liquid chromatography (RP-HPLC), higher
levels of b-globin (adult Hb) production (p < 0.01) and lower levels of
g-globin (fetal Hb) production (p < 0.01) were confirmed at the pro-
tein level for both CD34+ cells and PBMCs in serum-free differentia-
tion media, as compared to serum-containing differentiation media
(Figures 4F, 4G, and S3C).

Detectable Adult Hb Production at the Protein Level with

b-Globin Lentiviral Transduction in CD34+ Cells and PBMCs

from SCD

We transduced CD34+ cells (1�SCF) and PBMCs (5�SCF) from SCD
patients with lentiviral vectors encoding bT87Q-globin, b-globin, or
GFP in the optimized IMDM-based serum-free differentiation media



Figure 4. High-Level b-Globin Production with

Efficient Lentiviral Transduction by Using IMDM-

Based Serum-free Erythroid Differentiation Media

with KSR Supplementation

(A) We evaluated higher concentration of SCF (5�) and/or

IL-3 (10�) in IMDM-based serum-free differentiation me-

dia with 20% KSR in human CD34+ cells and PBMCs.

(B and C) We evaluated erythroid differentiation (GPA and

CD71 expression), transduction (GFP positive), and cell

counts 13 and 14 days after differentiation of (B) CD34+

cells and (C) PBMCs, respectively. (D and E) Hb produc-

tion was evaluated by Hb electrophoresis in (D) CD34+

cell- and (E) PBMC-derived erythroid cells. (F and G) Both

b-globin (adult Hb) and g-globin (fetal Hb) production was

analyzed at the protein level by reverse-phase high-per-

formance liquid chromatography (RP-HPLC). The globin

amounts were quantified by areas of the peaks in

RP-HPLC in (F) CD34+ cell- and (G) PBMC-derived

erythroid cells. The bars represent mean ± SEM. All ex-

periments except Hb electrophoresis (single run) were

performed in triplicate.
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with 20% KSR (Figures 5A and S4A). After a 2-week culture, we
observed efficient erythroid differentiation in all transduced cells
with red color pellets, demonstrating hemoglobinization (Figure S4B)
and similar or slightly lower %GPA and %CD71 as compared to no
vector control (Figures 4B and 4C). Efficient transduction was
observed for both SCD CD34+ cell-derived erythroid cells (vector
copy number [VCN] 3.3–7.8; Figure 5D) and SCD PBMC-derived
erythroid cells (VCN 0.5–3.4; Figure 5E). For both SCD CD34+ cells
and SCD PBMCs (with pathogenic sickle Hb), therapeutic adult Hb
production was observed in differentiated erythroid cells with
bT87Q-globin and b-globin transduction, whereas we detected sickle
Hb, but not adult Hb, in GFP transduction and no vector controls,
analyzed by Hb electrophoresis (Figures 5D and 5E). bT87Q-globin
or b-globin production was confirmed by RP-HPLC in SCD CD34+

cell- and PBMC-derived erythroid cells with each b-globin transduc-
tion (p < 0.01; Figures 5F, 5G, and S4C). Interestingly, bS-globin pro-
duction was reduced in CD34+ cell-derived erythroid cells with
bT87Q-globin or b-globin transduction, but not GFP transduction,
as compared to no vector control (p < 0.01), suggesting that additional
b-globin production might reduce the amounts of sickle Hb in SCD
erythroid cells.

DISCUSSION
We developed a serum-free in vitro erythroid differentiation system
with efficient lentiviral transduction and high-level adult Hb produc-
tion derived from human CD34+ cells as well as PBMCs. This serum-
free culture system allowed high-efficiency production of human
erythroid cells expressing around 90% GPA that were genetically
modified without drug selection (Figures 2, 3, and 4). In addition,
the high amount of Hb produced among the gene-modified erythroid
cells allowed simple analysis by Hb electrophoresis (as well as
RP-HPLC), and importantly in this study, mostly adult Hb produc-
tion was observed among in vitro differentiated erythroid cells from
both human CD34+ cells and PBMCs (Figures 2, 3, and 4). The
high-level adult Hb production in our in vitro erythroid model allows
not only for evaluation of additional globin production or Hb switch-
ing by genetic modification but also investigation of sickle Hb to
develop new genetic strategies for SCD, including gene therapy as
well as gene correction (Figure 5).

The level of adult Hb production obtained in both our serum-contain-
ing erythroid differentiation media as well as our serum-free dif-
ferentiation media (Figures 2, 3, and 4) is sufficient to assay by Hb
electrophoresis, a simple method to analyze Hb production and type
that has been difficult to utilize from in vitro erythroid differentiation
methods due to its low sensitivity. Our in vitro erythroid
differentiation methods allowed us to detect Hb bands (mainly adult
Hb) even by this low-sensitivity Hb electrophoresis, demonstrating
high-level adult Hb production in differentiated erythroid cells.

We observed higher transduction efficiency for human erythroid cells
in serum-free erythroid differentiation media; however, the serum-
free condition resulted in less efficient erythroid differentiation and
insufficient Hb production (undetectable in Hb electrophoresis; Fig-
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ure 2). Initially, we simply circumvented this limitation by transduc-
tion in serum-free erythroid differentiation culture followed by robust
erythroid differentiation with high-level adult Hb production in
serum-containing media. Whereas switching to FBS-containing me-
dia during differentiation is practical to evaluate effects of genetic
modification in human erythroid cells, we observed large variability
among different FBS lots (20%–69% transduction efficiency and
80%–97% GPA in serum-containing erythroid media among several
experiments in this manuscript). Therefore, we additionally devel-
oped a serum-free erythroid differentiation system to eliminate FBS
in the entire procedure by adding 20% KSR (including lipid) to
IMDM-based erythroid differentiation media, resulting in both effi-
cient transduction and high-level adult Hb production among
in vitro differentiated erythroid cells (Figures 3 and 4). Our findings
are important for not only gene therapy research for Hb disorders
but also in vitro erythroid cell generation for RBC transfusion,
because our serum-free erythroid differentiation system represents
a xeno-free erythroid differentiation method for a potential clinical
usage by using commercially available xeno-free KSR and human al-
bumin (instead of BSA). To our knowledge, this is the first report of
high-level in vitro adult Hb production using a serum-free erythroid
differentiation method. Human plasma and/or human serum were
reported previously to allow the elimination of FBS from erythroid
differentiation media.14,15 An erythroid differentiation method was
reported to use human serum albumin, animal-derived cholesterol,
and soybean lecithin instead of serum (and much more materials);
however, no globin expression data were included, and the protocol
is impractical, due to very complicated components.8 Another
serum-free method did not include lipid supplementation (and no
globin protein data were reported),16 whereas a recent serum-free
media contained a high concentration of SCF, resulting in a predom-
inance of fetal Hb production from cord blood CD34+ cells.17 In addi-
tion, IMDM-based serum-free erythroid differentiation media with
KSR is more cost effective, because IMDM and KSR are less expensive
than StemSpan and FBS, respectively. Our serum-free erythroid dif-
ferentiation method represents a practical and reliable platform
with high-level adult Hb production (low-level fetal Hb) as well as
efficient lentiviral transduction.

We also demonstrated more efficient lentiviral transduction for hu-
man erythroid cells in serum-free differentiation media (Figures 2,
3, and 4) as well as serum-free X-VIVO10 media (Figure 1),
compared to serum-containing differentiation media. This is consis-
tent with our previous data of higher transduction efficiency in
human CD34+ cells in serum-free X-VIVO10 media than serum-
containing media, suggesting that FBS inhibits lentiviral transduc-
tion for human hematopoietic progenitor cells.10 Lentiviral vectors
with a vesicular stomatitis virus G protein (VSVG) envelope
were previously shown to be inhibited by FBS, whereas FBS supple-
mentation did not affect transduction with amphotropic pseudo-
typed retroviral vectors, suggesting that this inhibition may be
related to VSVG envelope and/or its receptor.10,18,19 Importantly,
lentiviral transduction during serum-free erythroid differentiation
resulted in more efficient transduction among erythroid cells
18



Figure 5. Detectable Adult Hb Production at Protein Levels with

b-Globin Lentiviral Transduction in CD34+ Cells and PBMCs

from SCD

(A) We transduced CD34+ cells (1�SCF) and PBMCs (5�SCF) from

sickle cell disease (SCD) patients with lentiviral vectors encoding

bT87Q-globin, b-globin, and GFP in IMDM-based serum-free differ-

entiation media with 20% KSR. (B and C) We evaluated erythroid dif-

ferentiation (GPA and CD71 expression), transduction (GFP positive),

and cell counts 17 and 15 days after differentiation of (B) CD34+ cells

and (C) PBMCs, respectively. (D and E) We evaluated vector copy

number per cell (VCN) for both (D) CD34+ cell-derived erythroid cells

and (E) PBMC-derived erythroid cells. Therapeutic adult Hb production

was evaluated by Hb electrophoresis in differentiated erythroid cells

with bT87Q-globin and b-globin transduction. (F and G) The bT87Q-

globin or b-globin (adult Hb) production was confirmed by RP-HPLC in

SCD (F) CD34+ cell- and (G) PBMC-derived erythroid cells with each

b-globin transduction (p < 0.01). HbS, sickle hemoglobin; bars:

mean ± SEM. All experiments except Hb electrophoresis (single run)

were performed in triplicate.
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(�90%; Figures 2, 3, and 4), as compared to serum-free transduc-
tion of CD34+ cells followed by erythroid differentiation (�40%;
Figure 1). Efficient transduction during erythroid differentiation is
beneficial to evaluate the effects of genetic modification in erythroid
cells, whereas CD34+ cell transduction in serum-free X-VIVO10
media (without erythroid differentiation) allows us to predict in vivo
marking levels after transplantation.20 With this culture system, we
also demonstrated therapeutic adult Hb production at protein levels
derived from cells transduced using lentiviral vectors encoding
b-globin or bT87Q-globin in both SCD CD34+ cells and SCD
PBMCs when the transduction was performed using KSR-contain-
ing serum-free erythroid differentiation media (Figure 5). Indeed,
transfer of a therapeutic adult Hb has recently been shown of benefit
for SCD patients participating in ongoing gene therapy trials.1,2 The
serum-free differentiation media decreased fetal Hb production as
compared to serum-containing differentiation media (Figure 4),
which should allow for more clear separation of Hb signals in Hb
electrophoresis as well as RP-HPLC to detect additional globin pro-
duction with lentiviral transduction. Curiously, sickle Hb levels were
decreased by therapeutic adult Hb (b-globin or bT87Q-globin) pro-
duction in SCD CD34+ cell-derived erythroid cells (Figure 5), and
this effect would be expected to translate in a further reduction of
sickling in SCD RBCs by reducing the sickle Hb concentration.21

The a-like globin and b-like globin synthesis is balanced in erythro-
poiesis,22 and b-globin or bT87Q-globin production with lentiviral
vectors might reduce endogenous bS-globin synthesis to match
a-globin amounts in erythroid cells. The protein levels of
bT87Q-globin were 1.8-fold higher than b-globin in SCD CD34+

cell-derived erythroid cells, whereas similar amounts of protein pro-
duction were observed between bT87Q- and b-globins in SCD
PBMC-derived erythroid cells (Figure 5). This small difference
might be caused by a vector variability, because the difference be-
tween two vectors is only one codon within b-globin gene
(T87Q). Our in vitro erythroid differentiation model should allow
us to develop and refine therapeutic applications for Hb disorders,
including b-thalassemia and SCD, utilizing gene transfer and
genome editing as well as drug therapy.

Interestingly, serum-free differentiation media with 20% KSR re-
sulted in higher adult Hb (b-globin) and lower fetal Hb (g-globin)
production in both CD34+ cells and PBMCs as compared to serum-
containing media (Figure 4), which were evaluated by Hb electropho-
resis and confirmed by RP-HPLC. This is particularly beneficial as an
in vitro erythroid differentiation model because many efforts are now
aimed at fetal Hb reactivation, which requires an in vitro culture
system devoid of high-level baseline fetal Hb production. We demon-
strated that higher SCF supplementation (5�SCF) during the differ-
entiation phase (first half of the erythroid differentiation) increased
erythroid cell expansion and fetal Hb (g-globin) production (Fig-
ure 4), relatively similar to serum-containing differentiation media.
Indeed, SCF supplementation was reported to induce fetal Hb pro-
duction in differentiated erythroid cells from human primary cells.23

These data suggest that SCF (and FBS) can stimulate and expand
erythroid progenitor cells, resulting in increased fetal Hb production.
254 Molecular Therapy: Methods & Clinical Development Vol. 9 June 20
Whereas we are able to collect mobilized peripheral blood stem cells
on our own clinical trial evaluating plerixafor as a mobilization
strategy to collect backup in patients undergoing haploidentical
transplantation in this disorder, access to CD34+ cells from subjects
with SCD is otherwise problematic. Hydroxyurea (HU) administra-
tion is a most common treatment to maintain SCD patients, because
it induces fetal Hb expression.24 However, HU treatment must be
stopped before collecting mobilized peripheral blood cells, because
it inhibits cell growth in in vitro culture.25 Furthermore, bone
marrow aspiration yields very few CD34+ cells for ex vivo culture.
However, a large volume of peripheral blood can easily be obtained
from SCD patients when RBC exchange is performed and allowed
us to compare these two sources. In this study, CD34+ cells as
well as PBMCs in SCD were used for serum-free erythroid differen-
tiation with and without lentiviral transduction to analyze globin
production at protein levels (Figure 5). Our results demonstrate
that the serum-free erythroid differentiation method is practical to
investigate SCD in in vitro culture even from the easy to obtain
blood samples from patients with SCD.

In summary, we developed a robust method for human erythroid cell
differentiation from both CD34+ cells and PBMCs using serum-free
erythroid differentiation media. KSR supplementation allowed for
efficient transduction, robust erythroid differentiation, and high-level
adult Hb production sufficient for analysis by Hb electrophoresis as
well as RP-HPLC. We demonstrated therapeutic adult Hb (b-globin
or bT87Q-globin) production in transduced CD34+ cell- and
PBMC-derived erythroid cells from SCD as a gene therapy model.
Our in vitro erythroid differentiation system provides a practical eval-
uation platform for Hb production among human erythroid cells
following genetic manipulation.

MATERIALS AND METHODS
Erythroid Differentiation of Human CD34+ Cells and PBMCswith

Lentiviral Transduction

Granulocyte-colony-stimulating-factor-mobilized CD34+ cells (from
healthy donors), steady-state bone morrow CD34+ cells (from SCD
patients), and PBMCs were collected from healthy donors and SCD
patients under studies (08-H-0156 and 03-H-0015) that were
approved by the Institutional Review Board of the National Heart,
Lung, and Blood Institute (NHLBI) and the National Institute of Dia-
betes, Digestive, and Kidney Diseases (NIDDK). All individuals gave
written informed consent for the sample donation, and consent doc-
uments are maintained in the donor’s medical records. The consent
document was approved by the Institutional Review Board prior to
study initiation and is reviewed and updated yearly.

Human CD34+ cells (1 � 105) were cultured in fibronectin
(RetroNectin; Takara, Shiga, Japan)-coated 12-well plates with
serum-free X-VIVO10 media (Lonza, Basel, Switzerland) contain-
ing each 100 ng/mL of SCF (R&D Systems, Minneapolis, MN,
USA), fms-related tyrosine kinase 3 ligand (FL) (R&D Systems),
and thrombopoietin (TPO) (R&D Systems).10,26 After overnight
pre-stimulation, the cells were transduced with a self-inactivating
18
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HIV-type-1-based lentiviral vector encoding GFP under the control
of a murine stem cell virus promoter (or encoding b-globin or
bT87Q-globin gene derived from a b-globin promoter) with a
VSVG envelope at MOI 50.27,28 Next day, transduced cells were
differentiated into erythroid cells using IMDM (Mediatech, Mana-
ssas, VA)-based erythroid differentiation media, which includes a
differentiation phase for 5 or 6 days with 20% FBS (Mediatech),
2 U/mL EPO (AMGEN, Thousand Oaks, CA, USA), 10 ng/mL
SCF, 1.0 ng/mL IL-3 (R&D Systems), 1.0 mM dexamethasone
(DEX) (VETone, Boise, ID, USA), and 1.0 mM estradiol (Pfizer,
NY, NY, USA) and a following maturation phase for 5–8 days
with 20% FBS, 2 U/mL EPO, 10 ng/mL insulin (Lilly, Indianapolis,
IN, USA), 0.5 mg/mL holo-transferrin (TF) (Sigma Aldrich, Saint
Louis, MO, USA), and 2% BSA (Roche, Indianapolis, IN, USA; Fig-
ure 1A), which are slightly modified from human erythroid
massive amplification culture.8 To improve transduction specif-
ically for the erythroid lineage, we transduced CD34+ cells at 1
or 2 days after initiating erythroid differentiation (Figure 1B).
For human PBMCs, 2 � 10e6 cells were used in 12-well plates
with lentiviral transduction at MOI 2.5 for healthy donors’ PBMCs
and MOI 5 for SCD PBMCs.

For serum-free erythroid differentiation, we used serum-free
StemSpan (STEMCELL Technologies, Vancouver, BC, Canada)-
based differentiation media, which includes a differentiation phase
for 5 days with 2 U/mL EPO, 50 ng/mL SCF, 10 ng/mL IL-3,
1.0 mMDEX, and 10 ng/mL insulin and a following maturation phase
for 6 days with 2 U/mL EPO, 10 ng/mL insulin, 0.5 mg/mL TF, and
2% BSA (Figure 2A).11,29 For lipid supplementation, we added
1 mL/mL (1�), 2 mL/mL (2�), or 5 mL/mL (5�) of Lipid Mixture 1
(Sigma-Aldrich) or 20% KSR (Thermo Fisher Scientific, Waltham,
MA, USA) into StemSpan-based serum-free erythroid differentiation
media or simply replaced 20% FBS with 20% KSR in IMDM-based
differentiation media (Figure 3A).

Evaluation of Lentiviral Transduction and Erythroid

Differentiation

Following lentiviral transduction and erythroid differentiation, we
performed flow cytometry (FACSCalibur, Becton Dickinson, East
Rutherford, NJ, USA) to evaluate erythroid maturation using GPA
antibody (clone GA-R2, Becton Dickinson) and CD71 antibody
(clone M-A712, Becton Dickinson) and %GFP among GPA-positive
erythroid cells for lentiviral transduction evaluation. The VCNs in
transduced cells were evaluated by qPCR (QuantStudio 6 Flex Real-
Time PCR System, Thermo Fisher Scientific) using self-inactivating
long terminal repeat (SIN-LTR) probe and primers, as previously
described.20 Total cell counts were evaluated by Countess Automated
Cell Counter (Thermo Fisher Scientific). Cell morphology was evalu-
ated by cytospin with Wright-Giemsa staining,29,30 whereas enucle-
ation was analyzed by flow cytometry with Hoechst 33342 staining
(Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. In addition, we evaluated Hb production on the same starting
cell numbers by Hb electrophoresis (HELENA LABORATORIES,
Beaumount, TX, USA).29
Molecu
RP-HPLC

We performed RP-HPLC for globin protein analysis, as previously
described.29 Briefly, in vitro differentiated erythroid cells were washed
3 times with PBS (Corning, One Riverfront Plaza, NY, USA) and
lysed by 100 mL HPLC-grade water (Sigma-Aldrich). The 90-mL ly-
sates were mixed to 10 mL of 100 mM Tris (2-carboxyethyl) phos-
phine (Thermo Fisher Scientific) and then 85 mL solution containing
0.1% trifluoroacetic acid (TFA) (Thermo Fisher Scientific) and 32%
acetonitrile (Honeywell Burdick and Jackson, Morris Plains, NJ,
USA). The 10 mL supernatant was used in 0.8 mL/min flow for
45 min using the Agilent 1100 HPLC (Agilent Technologies, Santa
Clara, CA, USA) equipped with a reverse-phase column, Aeris
3.6 mm Widepore C4 200 (250 � 4.6 mm; Phenomenex, Torrance,
CA, USA) with two solvents: solvent A, 0.12% TFA in water, and sol-
vent B, 0.08% TFA in acetonitrile. The globin types were detected at
215 nm.

Statistical Analysis

Statistical analyses were performed using the JMP 13 software (SAS
Institute, Cary, NC, USA). Two averages were evaluated with Stu-
dent’s t test. The averages in various conditions were evaluated by
Dunnett’s test (one-way ANOVA for a control). A p value of <0.01
or 0.05 was deemed significant. SEM was shown as error bars in all
figures. All experiments except Hb electrophoresis (single run) were
performed in triplicate.
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