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SUMMARY
Universal red blood cells (RBCs) differentiated fromO-negative human induced pluripotent stem cells (hiPSCs) could find applications in

transfusion medicine. Given that each transfusion unit of blood requires 2 trillion RBCs, efficient bioprocesses need to be developed for

large-scale in vitro generation of RBCs.

We have developed a scalable suspension agitation culture platform for differentiating hiPSC-microcarrier aggregates into functional

RBCs and have demonstrated scalability of the process starting with 6 well plates and finally demonstrating in 500 mL spinner flasks.

Differentiation of the best-performing hiPSCs generated 0.85 billion erythroblasts in 50 mL cultures with cell densities approaching

1.73 107 cells/mL. Functional (oxygen binding, hemoglobin characterization, membrane integrity, and fluctuations) and transcriptom-

ics evaluations showed minimal differences between hiPSC-derived and adult-derived RBCs.

The scalable agitation suspension culture differentiation process we describe here could find applications in future large-scale production

of RBCs in controlled bioreactors.
INTRODUCTION

O-negative rhesus factor D-negative (O-neg) blood, the

universal donor blood type, is considered a limited and

valuable source of red blood cells (RBCs) for emergency

transfusion applications (Hirani et al., 2017). Anticipated

supply shortages in the future due to an aging population

and risks from emerging viruses and pathogens (Alter

et al., 2007) have driven initiatives to develop alternate

and ready sources of universal donor blood. Differentiation

of RBCs from human induced pluripotent stem cells

(hiPSCs) is one such approach actively being investigated.

The unlimited proliferation potential of hiPSCs coupled

with their potential to differentiate into hematopoietic lin-

eages (Paes et al., 2017) has made these cells appealing as

limitless sources of startingmaterials for generating univer-

sal RBCs. It has been postulated that as few as 10 hiPSC

clones derived from patients with rare blood phenotypes

would be sufficient to cover the necessary blood types for

99% of the population with recurrent transfusion needs

(Peyrard et al., 2011).

Each transfusion unit of blood consists of 2 trillion RBCs.

In vitro derivation of such large numbers of RBCs requires

overcoming a few unmet challenges. First is the lack of effi-

cient bioprocesses that can be scaled up from laboratory to
Stem
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industrial scale for RBC manufacture. Although several

groups have shown the potential for efficient differentia-

tion of hiPSCs toward RBCs (Dorn et al., 2015; Mao et al.,

2016; Olivier et al., 2016), most of these may not be favor-

able for clinical development, either due to the use of

undefined or xenogenic components or due to the lack of

scalability of the process. Other groups have also immortal-

ized adult erythroblasts to produce RBCs (Trakarnsanga

et al., 2017; Kurita et al., 2013; Hirose et al., 2013). Yet a sec-

ond challenge that needs to be overcome is the lack of cost-

effective means to achieve ultra-high-density cultures of

RBCs. Given that each unit of blood requires 2 3 1012

RBCs, one would have to achieve cell densities of at least

1 3 108 cells/mL in order to generate the desired cell

numbers in aminimal medium volume. Thus far, the high-

est reported cell density for RBC culture appears to be in the

range of 1 3 107 cells/mL (Ying Wang et al., 2016).

Development of a scalable process that can eventually be

transferred to large-scale stirred bioreactors would require

the entire process to be performed in continuous agitation

suspension culture.We have previously describedmeans to

scale up the pluripotent expansion stage by culturing

hiPSCs on Laminin-521 (LN-521)-coated microcarriers

(MCs) (Lam et al., 2016; Sivalingam et al., 2018). We have

also shown that hiPSC-MC aggregates in suspension
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Figure 1. Development of Agitation Suspension Culture Differentiation of O-Neg hiPSCs
(A–C) (A) Schematic of differentiation process from hiPSC to erythroblast stage. Bright-field images of cells from an O-neg hiPSC line, D5,
undergoing hematopoietic differentiation in tissue culture plates under static conditions (monolayer static protocol) or in 6 well ULA
plates under continuous agitation (suspension agitation protocol) from day 0 to 14 of the hematopoietic induction stage. Flow cytometry
evaluation of (B) pluripotency markers following 7 days of agitation expansion in 6 well ULA plates and (C) T-Bra and KDR cell populations
during mesoderm differentiation.
(D) Cumulative fold expansion of total viable cells following differentiation using monolayer static protocol or suspension agitation
protocol and corresponding hemoglobinized cell pellets observed at day 35 of differentiation. There is no significant difference in
expansion fold between static and agitated conditions, p > 0.05.

(legend continued on next page)
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culture can efficiently differentiate into T-Bra+ and KDR+

mesodermal cells (Sivalingam et al., 2018), demonstrating

that hiPSC-MC aggregates could differentiate as embryoid

bodies (EBs) in a scalable manner.

The current study was undertaken to develop an agita-

tion suspension culture bioprocess for differentiation of

hiPSCs to erythroid cells with prospects of transferring

the process to larger-scale controlled bioreactors for future

manufacture of RBCs. Using process optimization, we

show that hiPSC-MC aggregates can be efficiently differen-

tiated into mature and functional RBCs. We demonstrate

the scalability of the process starting from 6 well plates all

the way to 500 mL spinner flasks. We show that it is

possible to differentiate hiPSC-MC aggregates into high-

density cultures of erythroid cells approaching concentra-

tions of 1.7 3 107 cells/mL in spinner flasks. More

importantly, we show that functional and transcriptomics

evaluation revealed minimal differences between hiPSC-

derived RBCs and adult derived RBCs. The scalable agita-

tion suspension culture differentiation process we describe

could serve as a platform for developing large-scale blood

differentiation processes in controlled bioreactors.
RESULTS

Continuous Agitation Suspension Culture

Differentiation of hiPSC-MCAggregates in 6Well-ULA

Plates

To develop a continuous agitation suspension culture dif-

ferentiation platform, we first evaluated whether an hiPSC

line expanded under agitation on MC during the pluripo-

tent expansion and mesoderm stages could be further

differentiated through the hematopoietic and erythroid in-

duction stages under continuous agitation in suspension

culture in 6 well ULA plates (suspension agitation proto-

col). A control experiment was performed whereby the he-

matopoietic induction stage was achieved on normal tissue

culture plates under static conditions (monolayer static

protocol) (Figure 1A). An O-neg hiPSC line, D5, was used

for both of these experiments. hiPSC-MC aggregates main-

tained high levels of pluripotency (>98% Oct-4, Tra1-60,

and SSEA-4 positive by fluorescence-activated cell sorting

[FACS]) following 7 days of expansion under continuous

agitation (Figure 1B). Following hematopoietic mesoderm

induction for 3 days under agitation, high levels of the

primitive streak/early mesoderm marker T-bra (>83%)

were observed at day 1 post differentiation. KDR expression
(E) Table summarizing FACS characterization of differentiated cells
markers CD235a, CD71, and CD36 and fetal/adult hemoglobin express
hematopoietic stem cells (CD133, CXCR4) are shown together with cum
with at least three independent replicates. Representative experimen
(12 ± 4.9%) was enriched by day 3 of differentiation (Fig-

ure 1C). Single cells derived by enzymatically detaching

cells fromMCs were seeded into either 6 well tissue culture

plates (monolayer static protocol) or ULA plates (suspen-

sion agitation protocol) for hematopoietic induction. In

tissue culture plates, seeded cells initially attached and

expanded as adherent hemogenic endothelial cells (days

4–9) that subsequently gave rise to suspension culture he-

matopoietic cells with great proliferation observed by day

14 post seeding. In ULA plates, seeded single cells initially

formed small clusters (150–200 mm in diameter) in suspen-

sion by day 4. Single cells were subsequently observed to

emerge from these small clusters followed by expansion

from day 8 to 14. Following induction of erythroid differ-

entiation (day 14–35), extensive expansion of single sus-

pension cells was noted, with day 35 cumulative fold

expansion of continuous agitation (suspension agitation

protocol: 835 ± 647) being comparable (p > 0.05) to static

(monolayer static protocol: 515 ± 352) (Figure 1D). Both

continuous agitation and static culture differentiation pro-

tocols resulted in formation of hemoglobinized erythroid

cells with 55.3 ± 4.9% and 72.4 ± 3.1% expressing the

CD235a erythroid marker, respectively (Figures 1D and

1E). Erythroid cells mainly expressed fetal hemoglobin,

although adult hemoglobin expression at a lower level

was also noted (Figure 1E).

Interestingly, in the agitation condition, extensive

expansion of single cells in suspension from day 8 to 14

was observed only after the formation of cell clusters/aggre-

gates in suspension culture (Figure S2A). Co-expression of

CD34/CD144/CD31 and CD43 by FACS (Figure S2B) and

immunofluorescence imaging (CD34/CD144 co-staining)

(Figure S2C) established the presence of hemogenic endo-

thelial cells (Angelos et al., 2018) (CD34+ CD144+ CD31+

or CD43+) within these cell aggregates. In contrast, single

cells obtained from day 5 of differentiation did not express

markers of hemogenic endothelial populations but differ-

entiated further into CD34/CD45-expressing primitive he-

matopoietic progenitors (Figure S2B).

To establish if the expanding cells in suspension culture

were derived from differentiation of the hemogenic endo-

thelial cell aggregates or from primitive hematopoietic pro-

genitors already present in suspension, we separated out

the ‘‘hemogenic endothelial cell aggregates’’ from single

cells by sieving through 40 mm sieves on day 5 of differen-

tiation and proceeded to differentiate these different cell

populations (Figure S2A). The control group was differenti-

ated without any additional sieving (mixture of aggregates
from day 35 of differentiation. Percentages of erythroid-specific
ion as well as markers for myelomonocytic cells (CD14, CD15) and
ulative fold expansion on day 35. All data represent the mean ± SD
t shown.
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Figure 2. Agitation Suspension Culture Differentiation of Multiple hiPSC Lines in Shaker Flasks
(A–F) (A) Schematic showing initial expansion of cell-MC aggregates in 6 well ULA plates during iPSC expansion and mesoderm induction
stages. Subsequent stages of differentiation were achieved in 50 mL shaker flasks under continuous agitation. FACS evaluation of (B)
pluripotency markers (insufficient samples for CB6 and D9), (C) mesoderm/primitive-streak marker (T-bra) (day 1 of differentiation;
insufficient samples for CB6 and D9), (D) hematopoietic-fated mesoderm markers (KDR+) (day 3 of differentiation), and (E) hematopoietic
progenitor markers (CD34+CD43+, CD34+CD45+)/committed hematopoietic cells (CD34� CD43+, CD34� CD45+) (day 12 of differentiation)
for multiple hiPSC lines (insufficient samples for IMR90).

(legend continued on next page)
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and single cells). Interestingly, the majority of expansion

was observed in the groups that had the hemogenic endo-

thelial cell aggregates (control group I, no sieving, 30.2 ±

4.3-fold expansion; group II, sieved cell aggregates, 28.7 ±

21.4-fold expansion on day 21) rather than single cells

(group III, sieved non-aggregated single cells, 1.6 ± 1.5-

fold expansion). Erythroid differentiation from sieved he-

mogenic endothelial aggregates (aggregated population)

was similar to that of the control group (no sieving), while

differentiation of the sieved single cells (non-aggregated

population) failed to result in erythroid differentiation (Fig-

ure S2D). Taken together, these data suggest that the he-

matopoietic differentiation reported in our continuous sus-

pension agitation protocol was via differentiation from

hemogenic endothelial cell clusters rather than from

expansion of primitive hematopoietic progenitor cells.

Differentiation of Multiple hiPSC Lines in 50 mL

Shaker Flasks Using Continuous Agitation Suspension

Differentiation Approach

Having established that erythroid differentiation from

hiPSCs can be entirely performed in suspension under

continuous agitation conditions, we next proceeded to

evaluate differentiation of hiPSCs derived from O-neg

erythroid progenitors (D9, D12, X13, BR7) and of cord-

blood-derived hiPSCs (CB6), bone-marrow-derived hiPSCs

(BM1), and dermal-fibroblast-derived hiPSCs (FR202 and

IMR90). For each hiPSC line, pluripotent expansion

(7 days) and mesoderm differentiation (3 days) of hiPSC-

MC aggregates were first established in 6 well ULA plates.

After 3 days of hematopoieticmesoderm development, sin-

gle cells derived following trypsinization of hiPSC-MC ag-

gregates were further differentiated in 50 mL shaker flasks

(Figure 2A). hiPSC-MC aggregates maintained their plurip-

otency during the expansion stage (Oct-4, 80.4%–92.0%;

Tra1-60, 72.5%–95.4%; and SSEA-4, 86.8%–99.9%) (Fig-

ure 2B), differentiated into T-Bra+ primitive streak/meso-

derm (50.4%–96.2%) on day 1 of differentiation (Fig-

ure 2C), and had evidence of hematopoietic-fated

mesodermmarker KDR+ (3.1%–32.9%) by day 3 of differen-

tiation (Figure 2D). Among these eight lines, themesoderm

differentiated fromCB6 showed the highest KDR+ hemato-

poieticmesodermmarker, whichwas 32.9% ± 3.8%. By day

12 of differentiation, CD34+ CD45+ (8.8%–59.9%) and

CD34+ CD43+ (7.2%–37.6%) hematopoietic progenitor

cells, as well as more mature CD34� CD45+ (11.6%–

31.7%) and CD34� CD43+ (4.9%–83.3%) hematopoietic-
(F) Cumulative fold expansion of total viable cells following differe
comparing X13 with other lines except for BM1.
(G) Corresponding hemoglobinized cell pellets at day 26 of differe
indicated. All data represent the mean ± SD with at least three indep
committed cells, were detected (Figure 2E). CD34� CD43+

hematopoietic-committed cells from X13 displayed the

highest levels (83.3% ± 6.7%) compared with the other

seven lines (Figure 2E). Following erythroid differentiation,

BM1 (1,580 ± 675) and X13 (2,049 ± 1,019) achieved the

highest cumulative fold expansion by day 26 of differenti-

ation (Figure 2F). All eight hiPSC lines were able to differen-

tiate into hemoglobinized erythroblasts (Figure 2G), with

CD235a+ expression ranging from 30.8%–79.3%. X13

hiPSC differentiated erythroblasts yielded 79.3 ± 3.8%

CD235a+ erythroblasts, highest among the eight lines

differentiated (Figure 2G). To investigate whether there

was correlation between D26 CD235a+ erythroblast

production and the different hematopoietic markers, we

performed a heatmap analysis (Figure S3B). Among all

the parameters, only the marker CD34� CD43+ had an R2

value of 0.486 (Figure S3A), which indicates that these

different hematopoietic markers do not have a strong cor-

relation with final RBC production.

Both fetal hemoglobin and adult hemoglobin expression

was verified by immunoblotting (Figure S3C). Expression

of embryonic hemoglobin (Epsilon in the figure) was

detected in BM1, D12, and X13 hiPSCs, suggesting the

presence of erythroid cells derived from primitive erythro-

poiesis. Interestingly, erythroid cells differentiated from

CB6, BR7, and D9 hiPSCs had little or no embryonic hemo-

globin, suggesting that these cells may have been differen-

tiated via definitive erythropoiesis. Oxygen equilibrium

profiles of erythroblasts differentiated from hiPSCs were

left-shifted (p50: 12.4 to 14.7) compared with adult RBCs

(p50: 20.7 ± 1.0) (Figure S3D). Following erythroblast

expansion, from day 18 to 26, maximal cell concentrations

ranged from 4 to 12.6 3 106 cells/mL (Figure S3E). Com-

plete medium replenishment was critical for cell viability

and expansion, especially when cell densities were high

(>8 3 106 cells/mL). For instance, at day 23, both D9 (;)

and X13 (;) differentiated erythroblasts had high cell den-

sities and viabilities (D9 9.64 3 106 cells/mL, 97.2 ± 1.2%

viability; X13 8.63 3 106 cells/mL, 97.1 ± 1.0% viability).

However, without medium renewal for 24 h, D9 erythro-

blast cell concentrations dropped to 7.35 3 106 cells/mL

and 70.8 ± 8.1% viability (day 24), whereas with complete

medium renewal, X13 erythroblasts continued to

proliferate to 1.25 3 107 cells/mL and maintained a high

viability of 96.5 ± 0.7% (day 26). Analysis of the

conditioned medium from day 24 cultures showed that

lactate and ammonia levels had spiked to 2.49 ± 0.03 g/L
ntiation of multiple human iPSC lines on shaker flasks. *p < 0.05

ntiation with percentage of CD235a+ cells (determined by FACS)
endent replicates. Representative experiment shown.
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and 4.65 ± 0.2 mM, respectively, for D9 erythroblast cul-

tures without medium renewal for 24 h. For X13 erythro-

blasts that received medium renewal on day 23, lactate

and ammonia levels were significantly lower (p < 0.05) at

0.96 ± 0.2 g/L and 1.05 ± 0.2 mM, respectively (Figure S3F).

Thus, the X13 hiPSC line was chosen as the best-perform-

ing line for erythroid cell differentiation with the highest

cumulative fold expansion. High-resolution digital karyo-

typing performed on genomic DNA of X13 differentiated

erythroid cells showed normal copy numbers (defined as

between 1.6 and 2.4 copies) for all chromosomes evaluated

(Figures S3G and S3H).

Scale-Up of Continuous Agitation Suspension Culture

Differentiation to 125 mL Spinner Flasks

Following the demonstration that multiple hiPSC lines can

be differentiated under constant agitation condition in

50 mL shaker flasks, we next chose to demonstrate scale-

up of differentiation and reproducibility in 125 and

500 mL spinner flasks (Figure 3A). X13 hiPSCs, which

had the best differentiation outcome in shaker flasks,

were used for this study. In 125 mL spinner flasks, X13-

MC aggregates achieved approximately 10-fold expansion

during the pluripotent stage (Figure 3B) while maintaining

pluripotency levels (Figure 3C). Upon onset of differentia-

tion of X13 hiPSC-MC aggregates, the primitive streak/

earlymesodermmarker T-bra (63.7 ± 10%) and hematopoi-

etic-fated mesoderm KDR+ marker (34.6 ± 6.9%) were

detected at days 1 and 3 post differentiation, respectively

(Figure 3C). KDR+ CD235a�, another marker indicative of

definitive hematopoiesis (Sturgeon et al., 2014), was also

detected on day 3 (15.6 ± 2%). Key markers and transcrip-

tion factors involved in early hematopoiesis were found
Figure 3. Scale-Up of Differentiation of X13 hiPSC in 125 mL Spi
(A) Schematic of suspension culture continuous agitation differenti
flasks. Corresponding images of cell aggregates/cells during different
(B and C) (B) Concentration of viable cells during pluripotent expan
(Oct-4, Tra1-60, SSEA-4), mesoderm/primitive streak marker (T-bra),
experiment shown).
(D) RT-PCR quantified fold expression of early markers (GAPDH normaliz
(E) Time course of marker expression for hemogenic endothelial cells
CD34+ CD45+), and pan-hematopoietic markers (CD34� CD43+; CD34�

(F) RT-PCR quantified fold expression of markers upregulated during er
cells.
(G) Time course of marker expression (determined by FACS) during th
represent the mean ± SD with at least three independent replicates.
(H) Cumulative fold expansion of cells during pluripotent expansion
poietic induction (day 5 to day 14), and erythroid expansion (day 1
indicates three independent spinner flasks are equivalent). Correspo
shown.
(I) Concentration of viable cells and corresponding viability in three
shown. Black arrows indicate complete medium change. Statistical t
pendent replicates.
to be upregulated by day 3 of differentiation (fold upregu-

lation compared with undifferentiated cells; Figure 3D).

CD34+ CD144+ hemogenic endothelial cells (10.3 ±

3.6%) were detected as early as 7 days post differentiation.

CD34+ CD43+ (19.7 ± 6.2%) and CD34+ CD45+ (12.2 ±

2.3%) hematopoietic progenitors peaked at around day

11 post differentiation and continued to mature into

CD34� CD43+ (81.9 ± 9.5%) and CD34� CD45+ (77.8 ±

7.1%)-committed hematopoietic cells until day 23 post dif-

ferentiation (Figure 3E). During erythroid differentiation,

key markers and transcription factors associated with

erythropoiesis were upregulated (Figure 3F). A significant

increase in CD235a+ erythroid cells was noted starting

from day 16 (9.9 ± 1.9%) to day 24 (74.7 ± 3.6%) of differ-

entiation (Figure 3G). Day 24 differentiated erythroblasts

had high levels of HbF (77.1 ± 7.5%) and lower levels of

HbA (23.8 ± 7.4%). By day 28 of differentiation, the cul-

tures had very few hematopoietic stem cells (<3% CXCR4

and <0.5% CD133) and a negligible amount of (<1%) mye-

lomonocytic cells (CD14/CD15) (Figure 3G and Table 1).

X13 hiPSC-MC aggregates expanded 1.1- to 1.7-fold during

mesoderm induction. Following single-cell seeding after

3 days of mesoderm induction, from day 5 to day 11, no

expansion was observed, possibly due to the seeded single

cells forming hemogenic endothelial cell aggregates. From

day 11 onward, cell expansionwas noted, with exponential

increase in cell numbers observed during the erythroid

expansion stage (day 18 onward). All three spinner cultures

yielded hemoglobinized erythroid cells with an average

cumulative fold expansion of 58.6 ± 8.1-fold on day 27

of differentiation (Figure 3H). With complete medium

replenishment during the erythroblast expansion stage,

we were able to achieve mean peak cell densities of
nner Flasks
ation process from hiPSC to erythroblast stage in 125 mL spinner
iation are shown below.
sion stage. (C) Flow cytometry evaluation of pluripotency markers
and hematopoietic-fated mesoderm marker (KDR+) (representative

ed) involved in hematopoietic induction at day 3 of differentiation.
(CD34+ CD144+), hematopoietic progenitor markers (CD34+ CD43+;
CD45+) during the course of differentiation.

ythropoiesis at day 25 of differentiation relative to undifferentiated

e differentiation process from day 14 to 28. Data in (B, D, E, F, G)
Representative experiment shown.
(day �8 to day 0), mesoderm induction (day 0 to day 3), hemato-
5 to day 28) stages, in three independent spinner flasks (p > 0.05
nding hemoglobinized cell pellets at day 28 of differentiation are

independent spinner flask experiments during differentiation are
ests were performed on the pooled data from at least three inde-
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Table 1. Expression Profile of X13 hiPSC-Derived Erythroblasts from Spinner Culture Differentiation

Expression Profile Marker Spinner 1 Spinner 2 Spinner 3 Mean ± SD

Erythroid CD235a 63.5 73.5 68.1 68.4 ± 5.0

Early erythroid CD235a+ CD71+ 44.3 58.5 51.4 51.4 ± 7.1

Late erythroid CD235a+ CD71� 19.2 15 16.7 16.9 ± 2.1

Thrombospondin receptor CD36 16.8 29.4 17.5 21.2 ± 7.1

Hematopoietic progenitor CD45 13.1 7.6 10.5 10.4 ± 2.8

Hematopoietic progenitor CD43 40.7 34.3 37.8 37.6 ± 3.3

Hematopoietic stem cell CXCR4 3.74 3.21 1.84 2.9 ± 1.0

Hematopoietic stem cell CD133 0.17 0.09 0.08 0.12 ± 0.05

Myelomonocytic cell CD15 0.47 0.58 0.51 0.5 ± 0.05

Myelomonocytic cell CD14 0.17 0.12 0.12 0.14 ± 0.03

Fetal hemoglobin HbF 59.6 85.4 66.3 70.4 ± 13.3

Adult hemoglobin HbA 16.3 15.2 15.3 15.6 ± 0.69
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Blood Cells from Human Induced Pluripotent Stem Cells, Stem Cell Reports (2020), https://doi.org/10.1016/j.stemcr.2020.11.008
1.473 107 ± 2.043 106 cells/mL with 91.4 ± 2.4% viability

(Figure 3I), generating an average of 7.353 108 cells with a

total medium usage of 575mL from start to end of differen-

tiation. Metabolic profiles from Table 2 suggest that at cell

densities above 13 107 cells/mL, lactate levels could reach

inhibitory levels >15 mM or 1.36 g/L (Bayley et al., 2018;

Hassell et al., 1991) within 1.5 days without medium

replenishment. However, glucose consumption was found

to be non-limiting at these cell densities.

The aforementioned spinner flask differentiation

approach was applied to another hiPSC line, FR202. Fig-

ure S4A shows the FR202 hiPSCs expanded and differenti-

ated into the mesoderm lineage on MCs in spinner flasks

under continuous agitation. Following hematopoietic in-

duction and erythroid differentiation in 125 mL spinner

flasks, cells successfully formed hemoglobinized erythro-

blasts. Like X13 hiPSCs, expression of the mesoderm

marker T-Bra, hematopoietic mesoderm marker KDR+,

and hematopoietic markers CD34+ CD43+ and CD34+

CD45+ on cells was noted during the mesoderm and he-

matopoietic induction stages, respectively (Figure S4B).

Erythroid cells differentiated from FR202 hiPSCs were

able to reach a cell density between 5.44 3 106 and

9.88 3 106 cells/mL by day 29 of differentiation (Fig-

ure S4C), achieving a cumulative fold expansion between

206- and 805-fold (Figure S4D) and a total yield of 3.3–

5.93 108 erythroid cells in a final volume of 60 mL. Differ-

entiated cells were 50% CD235a+ erythroblasts, which had

high expression of fetal hemoglobin (Figure S4E). As with

X13 differentiated erythroblasts, oxygen equilibration

curves were left-shifted (p50: 10.5) compared with adult

RBCs (p50: 16.3) (Figure S4F). We were able to scale up
8 Stem Cell Reports j Vol. 16 j 1–16 j January 12, 2021
the erythroid differentiation process to 500 mL spinner

flasks, generating approximately 1.6 3 109 erythroid cells

in 200 mL volumes at densities of 8.2 3 106 ± 5.9 3 105

cells/mL.

Transcriptome Analysis of hiPSC Erythroblasts versus

Adult Erythroblasts

Having achieved scale-up of erythroid differentiation from

hiPSCs, it is important to determine whether erythroblasts

thus generated are similar in terms of gene expression to

counterparts differentiated from adult peripheral blood

cells. To this end, we performed microarray-based tran-

scriptome profiling of D24 erythroblasts derived from

X13 hiPSCs and the adult peripheral blood CD34+ cells

from the same donor (X13). Representative Giemsa stain-

ing of X13 iPSC-derived and adult blood-differentiated

erythroblasts showed similar morphologies, reflecting

mainly erythroblast cells, and a portion of more mature

erythroblasts with condensed nuclei and reduced cell size

(Figure 4A). Average linkage clustering of expressed genes

(n = 10,342) and volcano plots revealed minimal changes

in gene expression across two groups (Figure 4B). Compar-

ison of erythroblasts differentiated from X13 hiPSCs with

those differentiated from adult CD34 cells identified 119

differentially expressed genes (DEGs) (73 upregulated; 46

downregulated) (Figure 4C). We found that most of them,

64 of 73 upregulated DEGs (Figure S5A) and 40 of 46 down-

regulated DEGs (Figure S5B), had less than 10-fold change

in expression. Pathway mapping of DEGs showed that

only 3 of 73 upregulated genes mapped significantly to a

single identified pathway (metabolism of xenobiotics by

cytochrome p450; p = 1.7 3 10�2) (Figure S5C) and 9 of



Table 2. Peak Cell Density, Glucose Consumption, and
Metabolite Production in Deriving Erythroblasts at Day 27 of
Differentiation

Day 27 Spinner 1 Spinner 2 Spinner 3

Concentration

(cells/mL)

1.7 3 107 ±
5.2 3 105

1.32 3 107 ±
5.5 3 105

1.38 3 107 ±
5.5 3 105

Total cells/50 mL 8.5 3 108 ±
2.6 3 107

6.6 3 108 ±
2.7 3 107

6.9 3 108 ±
2.7 3 107

Total medium

used (mL)

575 575 575

Lactate production

(mg/L/per 24 h/

million cells)

1.76 1.73 1.81

Ammonia production

(mM/per 24 h/

million cells)

0.0016 0.0014 0.0018

Glucose consumption

(mg/L/per 24 h/

million cells)

1.7 1.1 1.3
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46 downregulated genes mapped significantly to three

different pathways (tuberculosis, hematopoietic cell

lineage, and nitrogen metabolism) (Figure S5D). Gene

ontology classification of DEGs revealed that a majority

were categorized as being involved in biological regulation

(upregulated 17%, downregulated 22%) andmetabolic pro-

cesses (upregulated 22%, downregulated 18%) (Figures S5E

and S5F). To ascertain if erythroblasts differentiated from

hiPSCs versus adult CD34+ cells differed in certain biolog-

ical processes, we next focused on genes involved in

growth (cell-cell signaling, cell cycle, cell proliferation,

mitochondria), maturation (apoptosis, autophagy), and

functional characteristics (erythrocyte membrane, cyto-

skeleton, hemoglobin) (Figure 4D). Comparison of DEGs

between hiPSCs and adult erythroid cells revealed signifi-

cant differences in expression of only a small number of

genes involved in apoptosis, cytoskeleton, cell prolifera-

tion, cell signaling, mitochondria, cell cycle, and hemoglo-

bin (Figure 4C). qRT-PCRwas used to verify changes in gene

expression of selected DEGs (14 of 28 DEGs) from the

above-mentioned categories, and we observed concor-

dance between qRT-PCR and microarray results for adult

versus hiPSC erythroid cells (Figure S5G). Previous tran-

scriptome (Merryweather-Clarke et al., 2016) and proteo-

mic (Wilson et al., 2016) studies highlighted differences

in the expression of key erythropoiesis and other genes be-

tween hiPSCs and adult erythroblasts. These included

genes involved in heme biosynthesis, erythropoiesis, auto-

phagy, cytoskeleton, and biological regulation by intracel-

lular enzymes. Our microarray analysis revealed significant

differences (fold change R1.5; p < 0.05) in the expression
of only two of the previously identified genes (ARID3A

and BCL11A) between hiPSCs and adult erythroblasts

(Table S1 and Figure S5H), suggesting that erythroblasts

generated from hiPSCs using our scale-up method are

substantially more similar in gene expression to adult

erythroblasts compared with what others have previously

accomplished.

Functional Evaluation and Terminal Maturation of

Differentiated Erythroblasts

Having demonstrated differentiation of hiPSCs toward

high-density cultures of erythroid cells, we next performed

functional validation of the erythroblasts. Expression of

hemoglobin protein subtypes was confirmed by immuno-

blots (Figures 5A and S6A). Erythroblasts differentiated

from hiPSCs in spinner flasks (spinner X13) expressed

alpha, beta, and gamma globins and had low-level expres-

sion of the epsilon hemoglobin subtype. On the other

hand, adult RBCs from peripheral blood expressed only

alpha and beta hemoglobin, consistent with the expression

pattern of adult hemoglobin. Consistent with the expres-

sion of gamma hemoglobin, which has higher affinity for

oxygen, the P50 values for oxygen equilibration curves of

erythroblasts differentiated from hiPSCs in spinner flasks

(P50: 12.1–12.7) were significantly lower than those of adult

RBCs (P50: 17.9) (Figure 5B). A critical process in erythroid

development is the terminal maturation of erythroblasts

into enucleated erythrocytes. Using qRT-PCR we first eval-

uated the expression of genes involved in hemoglobin

switching (HbF to HbA) and the terminal maturation pro-

cess. Following terminal maturation, KLF1 (1.8-fold), a

key transcription factor necessary for HbF to HbA switch-

ing, and BCL11A (variants BCL11A-L, 4.1-fold, and

BCL11A-XL, 31.7-fold), another transcription factor impli-

cated in repression of HbF (Trakarnsanga et al., 2014), were

found to be expressed at significantly higher levels in

hiPSC-derived erythroid cells compared with RBCs differ-

entiated from adult CD34 cells (adult RBC) (Figure 5C).

GATA-1, a master regular of erythropoiesis, was 2.9-fold

higher, while GATA-2 was 1.6-fold lower compared with

adult RBCs, consistent with the expected decline in

GATA-2 levels during the onset of terminal maturation

(Leonard et al., 1993).

Reduction in cell size was noted during the course of dif-

ferentiation, with cells having a mean diameter of 12.6 ±

0.14 mm at the start of differentiation and 7.42 ± 0.16 mm

at the end of erythroblast expansion (day 28) and finally

6.28 ± 0.07 mm following 11 days of terminal maturation

(day 39) (Figure 5D).

To demonstrate the feasibility of scale-up of erythroblasts

co-cultured with stromal cell lines, we show that a murine

stromal cell line, OP9, can be effectively grown on MCs

under agitation. Intriguingly, in the absence of OP9
Stem Cell Reports j Vol. 16 j 1–16 j January 12, 2021 9
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Figure 4. Transcriptome Comparison of Erythroid Cells Differentiated from X13 hiPSC and X13 Donor Adult Peripheral Blood
(A) Representative Giemsa staining of X13 iPSC-derived and adult CD34 blood-differentiated erythroblasts for transcriptome study.
(B) Volcano plots for comparison of gene expression (log2 fold change) between the day 24 erythroid cells differentiated from hiPSC
(n = 5 samples) and the adult CD34 cells (n = 3 samples). Red and green dots indicate significantly up- and downregulated genes,
respectively (absolute fold change R1.5 and false discovery rate [FDR]-adjusted p < 0.05), while orange dots denote the remaining
genes that have absolute fold change %1.5. The dotted lines indicate the fold change and FDR-adjusted p value thresholds that were
applied.

(legend continued on next page)
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co-culture, X13 hiPSC-derived erythroblasts (no OP9) suc-

cumbed to massive cell death and apoptosis, whereas

with OP9 co-culture (as a monolayer or onMC under agita-

tion) efficient enucleation and reduced apoptosis were

observed after 21 days of maturation (Figure 5E). In three

independent experiments, the enucleation efficiencies

(DRAQ5�, Annexin V� population) of X13 hiPSC-differen-

tiated erythroblasts after 21 days of maturation were noted

to be low for conditions without OP9 co-culture (no OP9,

6.27%–6.42%) and were much higher in the presence of

OP9 co-culture either as a monolayer (2D OP9, 34.1%–

42.2%) or as 3D-MC with agitation (3D OP9-MC, 18.1%–

59.3%).

Enucleated RBCs could effectively be enriched (Figure 5F)

by passing through non-woven fabric (NWF) filters or

leukocyte reduction filters (Pall). Figure 5F shows bright-

field and scanning electron microscopy (SEM) images of

enucleated RBCs having a biconcave appearance. Giemsa

staining shows that adult blood-derived RBCs measure

less than 10 mm in diameter, whereas in vitro-differentiated

RBCs from adult and hiPSCs are slightly larger than 10 mm

in diameter (Figure S6B). Quantitative phase imaging and

refractive index tomography were used to compare cellular

volume, surface area, sphericity, hemoglobin content, he-

moglobin concentration, and dynamic membrane fluctua-

tions of purified populations of enucleated RBCs (Figures

5G and S6C). Cellular volume and surface area were found

to be significantly greater (p < 0.0001) in both in vitro-differ-

entiated cells (adult CD34 and hiPSC) compared with adult

blood. hiPSC-differentiated cells generally had a higher

cellular volume and surface area (Figures 5G i and 5G ii),

possibly due to a higher proportion of immature reticulo-

cytes compared with adult CD34 and adult blood-derived

cells (33.6%, Figure S7A). Adult blood- and adult CD34-

differentiated RBCs and hiPSC RBCs differed in their sphe-

ricity index (ranging from 0.55 to 0.75), with hiPSC RBCs

displaying the least discoid profile (sphericity of 0.75),

again possibly due to a greater proportion of reticulocyte

cells (Figure 5G iii). Comparison of hemoglobin concentra-

tions showed that adult blood generally had slightly higher

levels compared with adult CD34- and hiPSC-differenti-

ated RBCs (Figure S6C i). On the other hand, measurement

of mean Hb content showed that hiPSC-differentiated

RBCs, due to their larger cellular volume, had significantly

higher Hb content compared with adult blood and adult

CD34 RBCs (Figure S6C ii). Last, dynamic membrane fluc-

tuations were measured as an indication of membrane de-
(C) Table showing number of DEGs belonging to the different categorie
sources.
(D) Heatmaps (normalized expression signal intensity) of significan
autophagy, cytoskeletal, cell proliferation, cell signaling, cell cycle,
parison.
formability of the RBCs. The dynamic membrane fluctua-

tions of in vitro-differentiated RBCs from adult CD34

(145.2 nm) were found to be significantly higher than

those of adult blood (55.7 nm) and hiPSC (71.4 nm) (Fig-

ure 5G iv). Three-dimensional tomography imaging of

adult blood-, adult CD34-, and hiPSC-differentiated RBCs

identified cells with discoid appearance (Figure S7B).

Finally, high-resolution electron microscopy imaging of

enucleated RBCs derived from in vitro differentiation of

hiPSCs and adult CD34 cells revealed that RBCs from

both groups had good surface morphology (Figure S7C).
DISCUSSION

hiPSCs have been investigated as a potentially limitless

source of cells for generating RBCs (Dorn et al., 2015;

Mao et al., 2016; Olivier et al., 2016; Sivalingam et al.,

2018). However, to date, scale-up of the differentiation pro-

cess starting from the hiPSC stage to the EB stage and sub-

sequent hematopoietic and erythroblast stages have not

been clearly demonstrated.

Olivier et al. (Olivier et al., 2016) had previously

described an EB-based differentiation process that allowed

for generating 50,000–200,000 erythroid cells per hiPSC

seeded. Although the process allowed for generation of

large numbers of erythroid cells, it required the initial dif-

ferentiation of EB-differentiated cells as a monolayer in tis-

sue culture flasks, thereby making the process restrictive to

scale-up.

In this work, by modifying the protocol described by

Olivier et al. (Olivier et al., 2016) and combining with our

previously reported hiPSC-MC differentiation protocol (Si-

valingam et al., 2018), we were able to demonstrate an

entirely suspension-culture-based differentiation process

performed under continuous agitation. We successfully

scaled up the differentiation process, starting from 6 well

ULA plates to shaker flasks and finally demonstrating in

stirred spinner flasks as a prelude to scaling up to controlled

stirred-tank bioreactors. Using the MC-hiPSC aggregates

has an added advantage of generating consistent and

evenly sized MC-EBs, which have been demonstrated to

be scalable in suspension culture platforms (Lam et al.,

2016; Sivalingam et al., 2018). Furthermore, in our spinner

culture differentiation platform, by keeping the levels of

lactate in culture below their inhibitory threshold, we

show peak cell densities that are at least 4-fold higher
s. Genes evaluated for each category were derived from the indicated

t DEGs categorized according to molecular functions (apoptosis,
erythrocyte membrane, mitochondrial, and hemoglobin) for com-
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(1.7 3 107 cells/mL) than the 43 106 cells/mL that was re-

ported previously (YingWang et al., 2016). To generate one

transfusion unit of RBCs (1 3 1012 cells) in a minimum

operation volume of a 20 L bioreactor, one would ideally

have to reach cell densities exceeding 1 3 108 cells/mL.

Data suggest that even at erythroid cell concentrations of

1.7 3 107 cells/mL, lactate (inhibitory level >15 mM) and

ammonia (inhibitory level >4 mM) can reach inhibitory

levels (Bayley et al., 2018) in less than 1.5 days withoutme-

dium replenishment. As such, further process refinements

such as a dilution feeding strategy (Zhang et al., 2017) or

perfusion strategy (Allenby et al., 2018) may be necessary

in order to replenish depleted cytokines/growth factors/

nutrients, as well as preventing the accumulation of culture

metabolites from reaching inhibitory levels in order to

allow for cell densities exceeding 1 3 108 cells/mL to be

achieved.

In performing high-density cultures, it is pertinent to

demonstrate that the final cell product is healthy and func-

tional. In this study, high-resolution electron microscopy

imaging and quantitative phase imaging provided addi-

tional evidence that hiPSC-derived RBCs (in comparison

with adult-derived RBCs) do have good membrane

morphology and similar dynamic membrane fluctuation

profiles (Kim et al., 2018) indicative of their membrane de-

formability capabilities, which would be important for

passing through narrow capillaries in the human body.

Comparison of the gene expression of adult and hiPSC

erythroblasts identified <1.2% of expressed genes (119 of

10,342) with expression fold change greater than or equal
Figure 5. Terminal Maturation of X13 hiPSC-Derived Erythroblast
(A) Cell lysates from peripheral blood (PB) and X13 hiPSC-derived eryt
were immunoblotted with antibodies specific to alpha, beta, gamma
control human b-actin. White lines demarcate regions of gel images
(B) Oxygen equilibrium curves (percentage oxyhemoglobin versus
differentiated from X13 hiPSCs (day 27 post differentiation) from spi
(C) qRT-PCR quantified fold expression (GAPDH-normalized and relativ
from X13 hiPSC-derived erythroblasts (day 27 post differentiation) term
three independent replicates). Representative experiment shown.
(D) Change in cell diameter during differentiation in three indepen
matured until day 39.
(E) (Top) Giemsa staining and (bottom) flow cytometry evaluation f
hiPSC erythroblasts after 21 days of terminal maturation without OP9
with OP9-MC co-culture under agitation (3D OP9-MC). Red arrows in
independent experiments.
(F) Giemsa staining of terminally matured erythroblasts before and aft
field images highlighting enucleated RBCs with biconcave appearanc
1 mm. Arrows indicate the expelled pyrenocyte.
(G) Quantitative phase imaging data (mean ± SD) for (i) cell volume, h
adult blood; (ii) surface area, hiPSC RBCs were significantly higher co
cantly greater compared with adult CD34 (***p < 0.0001) and adult blo
for dynamic membrane fluctuations of RBCs, hiPSC RBCs were significa
differentiated from adult CD34 cells (n = 27 cell counts) and hiPSCs (
to 1.5-fold. None of these DEGs mapped significantly to

erythroid cell-specific signaling pathways as evaluated by

DAVID pathway mapping analysis. Further query of these

119 DEGs against a database of genes directing important

molecular functions of erythroid cells (4,755 genes) such

as apoptosis, autophagy, erythrocyte membrane, cytoskel-

eton, cell-cell signaling, cell cycle, cell proliferation, mito-

chondrial, and hemoglobin biogenesis produced only 33

hits, suggesting a high degree of similarity between hiPSC-

and adult-derived erythroblasts. In terms of the erythropoi-

esis induction-related genes examined in Figure 3F, there

were no significant differences between the adult- and

the hiPSC-derived erythroblasts (Figure S4G).

A potential issue with the use of hiPSC-derived erythroid

cells for transfusion applications would be the lack of

reduced adult beta hemoglobin expression relative to

adult-derived RBCs. By immunoblot analysis, we show

that the hiPSC-differentiated erythroid cells do express

both adult and fetal hemoglobin, with little or no embry-

onic hemoglobin, although the levels of adult beta hemo-

globin from hiPSC-erythroid cells are significantly less

compared with adult RBCs. Differences observed in hemo-

globin expression could lead to altered affinity of the RBCs

for oxygen binding and release. With regard to this, it

should be pointed out that individuals with hereditary

persistence of fetal hemoglobin who have high levels of

gamma fetal hemoglobin (up to 30% of total hemoglobin)

are asymptomatic and pathologically normal (Christaki

et al., 2019). Previous studies have shown that overexpres-

sion of KLF1 and BCL11a could bring about hemoglobin
s from Spinner Differentiation
hroblasts from spinner differentiation (day 27 post differentiation)
, and epsilon human hemoglobin subtypes and the housekeeping
that were merged.
oxygen pressure [mm Hg]) for adult RBCs (d) and erythroblasts
nners 1 (-), 2 (:), and 3 (;) are shown.
e to adult erythroblasts) of genes involved in erythroid maturation
inally matured for 11 days (data represent the mean ± SD of at least

dent spinner flask experiments. Day 28 erythroblasts were further

or non-apoptotic (Annexin V�) enucleated RBCs (DRAQ5�) of X13
co-culture (No OP9), with monolayer OP9 co-culture (2D OP9), and
dicate enucleated erythroid cells. Representative data from n = 3

er processing through NWF filters is shown. Scale bar, 20 mm. Bright-
e and SEM image of a single enucleated RBC are shown. Scale bar,

iPSC RBCs were significantly greater compared with adult CD34 and
mpared with adult blood; (iii) sphericity, hiPSC RBCs were signifi-
od (*p < 0.05); and (iv) refractive index tomography measurements
ntly lower compared with adult CD34 RBCs (**p < 0.001). RBCs were
n = 27 cell counts) and adult blood (n = 27 cell counts).
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switching from fetal to adult subtype (Trakarnsanga et al.,

2014). Such strategies could be incorporated into geneti-

cally engineered hiPSCs to improve beta hemoglobin

expression in the differentiated RBCs.

A major bottleneck for generation of hiPSC-RBCs is the

rather low efficiency of enucleation of hiPSC-derived eryth-

roblasts. Previously, transcriptomics and proteomics

studies have raised the possibility of poor enucleation of

hiPSC-derived erythroid cells due to defects in autophagy

and lysosomal-mediated organelle clearance (Merry-

weather-Clarke et al., 2016) during terminal maturation

and even possibly due to defects in cytoskeletal organiza-

tion and remodeling (Trakarnsanga et al., 2019; Wilson

et al., 2016). However, our transcriptomics analysis did

not reveal any significant expression differences in some

of these implicated genes (VIM, TRIM58, VCPIP1) between

hiPSC- and adult-derived erythroid cells, at least at the

erythroblast stage. Of genes whose expression differed

significantly between adult and hiPSC erythroid cells,

only two coincided with a list of 40 genes previously re-

ported (Merryweather-Clarke et al., 2016; Trakarnsanga

et al., 2019;Wilson et al., 2016).ARID3A, an erythroid tran-

scription factor involved in cell cycle and transcriptional

regulation was found to be significantly upregulated in

hiPSC compared with adult erythroid cells. Second,

BCL11A, a repressor of HbF, was found to be downregulated

3.5-fold in hiPSC compared with adult erythroid cells un-

der conditions that favor erythroid expansion. This might

explain the continued expression of HbF in hiPSC-derived

erythroid cells. We found no differences in expression of

genes involved in autophagy or cytoskeletal remodeling,

as previously suggested (Merryweather-Clarke et al., 2016;

Trakarnsanga et al., 2019;Wilson et al., 2016). These differ-

ences may partly be due to the different protocols used for

differentiating hiPSC erythroid cells. Erythroid cells differ-

entiated from our protocol had evidence of definitive

erythropoiesis, such as adult beta hemoglobin expression,

which was not demonstrated in the previous publications.

Here,we show that co-culturewith stromal cellsmayhelp

prevent erythroblast cell death and promote enucleation.

Previous studies have reiterated this point with the use of

OP9 and other stromal cell cultures (Giarratana et al.,

2005; Lu et al., 2008; Suzuki et al., 1992). However, all these

co-culture studies so far have been performed only in

monolayer, making the scalability of this approach chal-

lenging. We show that a co-culture system using OP9 stro-

mal cells can potentially be scaled up by culturing them

onMCs, allowing the entire process to be performed in sus-

pension culture and paving the way for future scale-up.

In conclusion, we have developed a suspension agitation

culture differentiation process for differentiating hiPSCs to-

ward erythroblasts that can be volumetrically scaled up.

hiPSC-derived erythroid cells were capable of undergoing
14 Stem Cell Reports j Vol. 16 j 1–16 j January 12, 2021
enucleation, had expression of adult beta hemoglobin,

albeit at reduced levels (in comparison with adult RBCs),

were highly similar to adult-derived erythroid cells at

the molecular level, and had similar membrane morphol-

ogies and dynamic membrane fluctuations/membrane

deformability profiles. Further development would be

necessary to adapt our differentiation processes into biore-

actors for large-scale generation of high-density functional

RBCs.
EXPERIMENTAL PROCEDURES

For details of this section, please also refer to the Supplemental

Experimental Procedures.

Briefly, all O-neg hiPSC lines were cultured on LN-521-coated

MCs (Sivalingam et al., 2018) under static or agitation conditions

for 7 days and subjected to hematopoietic mesoderm differentia-

tion for 2 days using a combination of BMP4, Activin A, VEGF-

165, B-FGF, and small-molecule CHIR-99021, as detailed in the

Supplemental Experimental Procedures. On day 3 of differentia-

tion, single cells derived from MC aggregates following treatment

with TrypLE Express and sieving ofMCswere subjected to hemato-

poietic induction using a cocktail of cytokines (based on a protocol

adapted from Olivier et al., 2016) for a further 8 days, under agita-

tion. Then, the cells were further differentiated toward the

erythroid lineage and expanded by fresh medium replenishment

with cytokines and maintenance of cell seeding density at 5 3

105 to 1 3 106 cells/mL, under continuous agitation. Terminal

maturation of erythroid cells was performed for a period of

2–3 weeks with or without co-culture of stromal cells, using

IMDM supplemented with 10% human AB plasma, Holo-Trans-

ferrin, cytokines, and growth factors. The detailed protocol can

be found in the Supplemental Experimental Procedures.

Requests for materials should be addressed to the corresponding

author.
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study are available within the article and its Supplemental Infor-
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