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Bioprocessing and biological 
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Within just a decade of first deriving human induced pluripotent stem 
cells (hiPSCs) from somatic cells, continual advancements in the fields of 
genetic engineering, improved protocols for lineage differentiation and 
technological developments in bioprocessing and scale-up culture have 
brought closer the reality of using hiPSCs-differentiated cells for thera-
peutic applications and regenerative medicine. One such potential is the 
use of hiPSCs to generate universal red blood cells (RBCs) for transfusion 
applications. However, unlike most cell therapies, generating RBCs for 
clinical application poses unique bioprocessing and manufacturing chal-
lenges. The need to generate 2 trillion RBCs for each transfusion unit of 
blood (equivalent to 300 ml of donated blood) requires the development 
of closed-system bioprocesses capable of handling ultra-high density 
cultures of cells. In this review, we aim to highlight key challenges asso-
ciated with developing manufacturing processes for scale-up culture of 
hiPSC-derived RBCs. Taking into consideration challenges such as the 
need for large-scale expansion of hiPSCs, culture intensification of eryth-
roblasts, improved enucleation and separation of mature RBCs, and high 
cost of manufacture, we take a critical look at some of these bioprocess-
ing and biological barriers and highlight critical factors that have to con-
sidered in order to circumvent these issues en route to developing a scal-
able-process for generating high density culture of RBCs from hiPSCs. 
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INTRODUCTION

Although cell therapy, including he-
matopoietic stem cell (HSC) trans-
plantation, has been investigated 
for just over seven decades, another 
form of cell therapy, that is blood 
transfusion, has been actively prac-
ticed and proven to be vital for the 
healthcare industry since the early 
19th century. Since the last glob-
al epidemic of HIV and hepatitis 
in the early 1980s from the use of 
contaminated blood products [1], 
there have been tremendous im-
provements made to both pathogen 
inactivation and elimination tech-
niques [2] as well as screening and 
diagnostic technologies [3], which 
have tremendously improved the 
safety record of blood transfusion. 
Globally an estimated 112.5 mil-
lion units of blood are collected for 
transfusion applications from blood 
donors [4]. However, concerns have 
arisen as to whether there could be 
shortages in future blood supply 
due to the dual conundrum of a 
shrinking pool of blood donors and 
increasing demand for blood trans-
fusion attributed to an aging hu-
man population in most countries 
[5,6]. There are also the potential 
threats of newly emerging viruses 
and pathogens as we had previously 
witnessed with Creutzfeldt–Jakob 
disease, SARS, Ebola, hepatitis E, 
Zika viral outbreaks that threaten 
to disrupt safe supply of blood [7–9] 
to the blood banks and healthcare 
suppliers. Thus, the ability to at-
tain self-sufficiency with a regular 
and safe supply of RBCs for clini-
cal applications is an appealing no-
tion mooted by global healthcare 
providers. 

In vitro cultured RBCs from dif-
ferentiation of human induced plu-
ripotent stem cells is one such idea 

that is being actively investigated 
[10–14]. Within just a decade of 
first demonstrating hiPSCs deriva-
tion in the labs [15,16], technology 
advancements have now made this a 
routine feature in most research lab-
oratories. GMP-compliant clinical 
grade hiPSC lines have been estab-
lished [17,18] with global initiatives 
(California Institute for Regenera-
tive Medicine, Global Alliance for 
iPSC Therapy, European Bank for 
iPSCs) and companies (Waisman 
Biomanufacturing, Allele Biotech-
nology, Cellular Dynamics) ded-
icated to hiPSC generation and 
banking.

Encouraging clinical trial out-
comes for treatment of age-relat-
ed macular degeneration (AMD) 
with the use of human embryonic 
stem cells (hESC)/hiPSC differen-
tiated cells [19,20] have spurred on 
interests to extend clinical testing 
for treatment of Parkinson’s dis-
ease with hiPSC neuronal progen-
itors [21] and for cardiac disorders 
with hiPSC cardiomyocytes [22]. 
Of promising clinical proposition 
are the hiPSC derived islet cells 
for treating insulin deficiencies 
[23], NK cells for killing cancerous 
cells [24], use of platelets [25] and 
RBCs [10,12,13] for transfusion 
applications. 

Amongst these, the generation of 
RBCs poses particularly unique bi-
oprocessing challenges that need to 
be addressed (Table 1):

1. The need to generate 2 trillion 
cells per transfusion unit of 
blood;

2. The need to achieve ultra-high 
cell densities exceeding 100 
million cells/ml in order to keep 
operation volume minimal;

3. The need to induce enucleation 
of erythroid progenitors and 
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physically separate enucleated 
RBCs from non-enucleated cells; 
and

4. The need to improve on 
cryopreservation and RBC 
storage conditions. 

HIPSC-BASED  
GENERATION OF RBCS 

Unlike other cell therapies, 
RBC transfusions are not limit-
ed by human leukocyte antigen 

(HLA)-matching. However, there 
are at least 10 major surface anti-
gen classification groups [26], with 
ABO and Rhesus factor D (RhD) 
being the most commonly evalu-
ated when considering for trans-
fusion. As such, type O, RhD -ve 
(O-ve) blood is often considered 
the universal blood type for trans-
fusion given the absence of A, B 
and RhD surface antigens. Recur-
rent transfusions also require cor-
rect matching of surface antigens 
such as Kell, Kidd, Duffy, MNS, P, 
Lewis, Lutheran and others and can 

  f TABLE 1
Bioprocessing and biological challenges for large-scale manufacturing of hiPSC-de-
rived RBCs.

Challenges Possible solutions
Lack of scalable process for 
differentiation of hiPSCs to 
RBCs

 f3D aggregate or microcarrier suspension cultures of hiPSCs

 fDeveloping suspension culture differentiation processes that can be 
scaled up to bioreactors

Ultra-high-density cultures of 
RBCs in bioreactors

 fDeveloping ultra-high-density cultures in perfusion bioreactors

 fRemoval of inhibitory catabolites that impede cell proliferation
Low enucleation efficiencies 
from hiPSCs

 fScreening of compounds that promote enucleation

 fGenetic engineering strategies to prevent apoptosis and improve 
enucleation

Functional validation  fIn vitro validation: hemoglobin, intracellular protein levels (2,3-DPG, 
ATP, PK, G6PDH), osmotic fragility, membrane deformability, oxygen 
binding/release, RBC indices (hematocrit, MCV, MCHC)

 fIn vivo validation: rescue of anemia phenotype in small animal models
Integrated process for eryth-
roid expansion and separation 
of enucleated RBCs

 fDeveloping closed system integrated processes using dissolvable 
microcarriers, HarveStrainers, cell processors for washing and 
concentrating cells and moving from one medium to next

 fIn-line centrifugation/microfluidics/leukocyte reduction filters based 
separation of enucleated RBCs

Scale up of manufacture; cost 
of goods; availability of raw 
materials

 fAppropriate bioreactor system for scaling-up process

 fMedia development to reduce cost, peptide mimetics/small 
molecules to replace cytokines, genetic engineering to drive 
expansion and differentiation, alternate sources of human serum 
proteins (recombinant albumin, transferrin)

Storage and cryoperservation  fEvaluating RBC storage in different solutions (SAGM, AS-1, AS-3, AS-
5, MAP, PAGGSM) and validation of stored RBCs for storage lesions

 fEvaluation of novel cryopreservation solutions (small molecules IRIs), 
freeze-drying approaches

2,3-DPG, 2,3-diphosphoglycerate; ATP: Adenosine triphosphate; G6PDH: glucose-6-phosphate dehydrogenase; IRI: Ice 
recrystallization inhibitor; MCHC: Mean corpuscular hemoglobin concentration; MCV: Mean corpuscular volume; PK: Pyruvate 
kinase; SAGM, Saline-adenine-glucose-mannitol.
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often lead to poly-immunization; 
development of immune response 
to mismatched surface antigens 
which, in severe cases, can lead to 
severe transfusion associated hemo-
lytic anemia as a result of destruc-
tion of the transfused cells by the 
host immune system. Allogeneic 
hiPSCs can offer a potential solu-
tion for treating patients with recur-
rent transfusion needs by providing 
the exact surface antigen match. A 
study by Lapillonne et al., suggest-
ed that as few as 10 hiPSC lines 
from donors lacking expression of 
major blood type surface antigens 
can cover most RBC phenotypes of 
99.4% of allo-immunized patients 
with recurrent transfusion needs 
within the French population [27]. 
Similar blood type matches can be 
sourced for patients from different 
demographics. These hiPSC lines as 
well as universal donor lines from 
O -ve donors can be derived and 
banked down, and can potentially 
serve as limitless starting materials 
for generating RBCs.   

BIOPROCESSING &  
BIOLOGICAL CHALLENGES 
FOR LARGE-SCALE  
GENERATION OF HIPSC 
DERIVED RBCS
Selection of hiPSC with 
good differentiation 
potential

Since the initial derivation of hiP-
SCs in the laboratories of Shinya 
Yamanaka [15] and James Thomp-
son [16], there have been continued 
advancements in the field of hiPSC 
and regenerative medicine. Aside 
from human dermal fibroblasts ini-
tially used for hiPSC generation, 
the same has been demonstrated 

from several different sources 
of somatic or stem cells such as 
hair-follicle stem cells [28], HSCs 
[29], erythroid cells [30], stem cells 
from urine [31], dental pulp stem 
cells [32], most of which can be 
easily derived by non-invasive pro-
cedures. Significant efforts are now 
focused on safer methods of gen-
erating hiPSCs [33,34], in terms of 
minimal and safer gene combina-
tions [35] and safer gene delivery 
approaches ranging from episomal 
plasmids [33] and non-integrat-
ing viruses [36], to self-replicating 
RNAs [37], to peptide formula-
tions [38]. International initiatives 
have been established to develop 
standardized methods of testing 
for pluripotency and detection of 
genomic anomalies [39] as well as 
for detection and elimination of 
undifferentiated cells [40,41] in 
lineage differentiated cells meant 
for therapeutic applications. There 
are now commercially available 
tools such as the hPSC Genomic 
Analysis kit (StemCell™ Technol-
ogies) and iCS-digital ™ Aneuploi-
dy (Stem Genomics) which have 
proven to be useful for screening 
genomic aberrations. While the 
derivation of hiPSCs appears to be 
routine, variations in the differen-
tiation capacity of different hiPSC 
lines have been observed [42,43] 
and thus there is a need to have 
efficient screening and validation 
methods to identify the best lines 
for differentiation [44]. Here, tools 
such as the TaqMan hPSC Score-
card analysis (ThermoFisher Sci-
entific) could provide insights into 
tri-lineage differentiation poten-
tial of hiPSCs [45]. Although use-
ful for initial screening, different 
lines have to be eventually tested 
for lineage specific differentiation 
in order to identify the best lines 



EXPERT INSIGHT 

  487Cell & Gene Therapy Insights - ISSN: 2059-7800  

for particular applications. Tech-
nological innovations that could 
automate the process of hiPSC 
generation [46–48], screen and 
identify lines with good differenti-
ation potential could bring further 
improvements to the generation, 
selection and banking of high qual-
ity hiPSC lines.

LARGE-SCALE PRODUC-
TION OF HIPSCS FOR  
LINEAGE 
DIFFERENTIATION
2D culture systems

The most common approach for 
small-scale hiPSCs expansion is 
based on 2D monolayer cultures. 
Scale-up of monolayer hiPSC cul-
tures has recently been demonstrat-
ed with multilayer culture plates 
(also known as Cell Factories or 
Cell Stacks) [49], yielding as much 
as 7.2 x 108 and 1.7 x 109 hiPSCs 
in 4- and 10-layer culture plates re-
spectively, starting from an initial 
seeding of 1 x106 cells. While such 
2D approaches can provide suffi-
cient numbers of starting cells for 
small-to-mid-scale differentiation 
studies, large-scale 2D monolayer 
cultivation of hiPSCs is considered 
cost-, space- and labor intensive and 
may not be the most practical ap-
proach when one considers scaling 
up the process for industrial scale 
production of cells. 

3D culture systems
3D aggregate culture

Expansion of hiPSC as 3D aggre-
gates [50,51] that allow for scalable 
suspension culture in controlled 
bioreactors would be considered 

more appropriate for scale-up of 
hiPSCs for lineage differentiation 
applications. Scale of up suspension 
culture of hiPSCs as 3D aggregates 
has been demonstrated in stirred-
tank bioreactors with linear scal-
ability demonstrated for volumes 
between 50 ml (spinner flasks) to 
2.4L (Mobius® 3L bioreactor) [51] 
and generating as much as 2 x 109 

hiPSC within 14 days starting from 
initial seeding of 1.6 x107 cells. This 
study by Kwok et al., highlights the 
potential to generate hiPSCs at clin-
ically relevant scale. With 3D aggre-
gate cultures, the diameter of hiPSC 
aggregates generated are important, 
as this has been shown to have an 
effect on subsequent differentiation 
outcomes [52]. Therefore, the biore-
actor format used, agitation speed 
and impeller designs are critical pa-
rameters to take into consideration 
for generating evenly sized hiPSC 
aggregates in stirred tank bioreac-
tors [53].

3D microcarrier aggregate 
culture

Suspension culture expansion of 
hiPSCs on defined extra cellular 
matrix (ECM) coated, non-porous, 
100- to 300-micron sized micro-
carriers (MCs) is another approach 
for scaling up hiPSC production 
in bioreactors [54–56]. While MC-
based expansion of MSCs has been 
demonstrated in 50 L scale in stirred 
tank bioreactors [57], to date, most 
of the MC-based expansion of hiP-
SC has mainly been demonstrated 
in spinner flasks with working vol-
umes ranging from 50 to 300 ml 
[55,56,58,59]. Our group [55] has 
previously demonstrated efficient 
expansion of multiple hiPSC lines 
on recombinant Laminin 521 coat-
ed MCs under agitation suspension 
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 f FIGURE 1
Potential manufacturing process flow for large-scale generation of hiPSC-derived RBC.
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condition in stirred spinner flasks, 
achieving concentrations of 2–3.5 
x 106 cells/ml with evenly formed 
aggregates (mean diameters of 400 
µm), while maintaining pluripoten-
cy and retaining capacity for tri-lin-
eage differentiation. Microcarrier 
expanded 3D hiPSC aggregates 
have been efficiently differentiat-
ed into neural [60], cardiac [55,61] 
and hematopoietic lineages [12]. 
Key factors to consider for 3D-MC 
culture systems would be the types 
of microcarriers to use for hiPSC 
expansion (Corning®, Solohill®, 
Cytodex®), ECM substrates used 
for the MC coating (Vitronectin, 
Laminin-521, StemAdhere™, Syn-
themax®), bioreactor formats to use 
(wave type, stirred tank, vertical 
wheel bioreactors), oxygen con-
centration (normoxia vs hypoxia), 
agitation speed and culture me-
dia to support 3D suspension cul-
ture (mTeSR™1 and mTeSR™3D 
from STEMCELL™ Technologies). 
Large-scale production of hESC/
hiPSCs using the microcarriers has 
been shown in stirred tank bioreac-
tors (0.1–3 L scale) [51,62].

For 3D-MC culture systems, 
incorporation of closed system ap-
proaches to derive single cells or 
to separate cells from MCs may be 
required at certain stages of differ-
entiation and would be an import-
ant consideration in the design of 
the bioreactor process workflow. 
Bioreactor-scale harvest str ainers 
(Harvestainer™ Microcarrier sepa-
ration system) capable of handling 
volumes ranging from 3 to 50 L 
may be used for closed-system sep-
aration of cells from microcarriers 
following enzymatic detachment of 
cells from MCs (Figure 1). The use 
of dissolvable MCs [63,64] may in 
part circumvent the need to use 
chemical-based detachment and 

separation of cells from MCs. 3D 
suspension culture of hiPSCs in 
stirred tank bioreactors represents 
the most feasible means for scale-up 
of hiPSCs for large-scale differenti-
ation studies. At present, the larg-
est scale of hiPSC expansion (1 L) 
has been demonstrated in 3 L scale 
stirred tank bioreactors [51]. Chal-
lenges such as effective mixing of 
aggregates at larger volumes while 
maintaining low shear stress envi-
ronment have to be overcome be-
fore these processes can be scaled up 
to industrial scale bioreactors. 

LARGE-SCALE  
HIPSC EMBRYOID BODY 
GENERATION FOR 
DIFFERENTIATION  
Most hiPSC differentiation proto-
cols require the formation of 3D 
embryoid bodies (EBs), an inter-
mediate step that mimics early em-
bryonic development, to drive them 
towards mesoderm, endoderm or 
ectoderm lineages. Lack of an effi-
cient scalable method for EB gen-
eration has also been a challenge in 
scale-up of differentiation processes 
involving hiPSCs. Current meth-
ods of EB generation have relied 
on seeding of single cells in 96 well 
or AggreWell™ plates [65]; however, 
these have obvious scale-up lim-
itations. Alternate methods of sus-
pension culture EB formation that 
rely on aggregation of mechanically 
passaged monolayers of hiPSCs [10] 
face challenges of getting even sized 
and quality EBs, a key factor that 
may significantly affect downstream 
differentiation. Microcarrier cul-
tures and 3D aggregate cultures of 
hiPSCs bypass the need to form EBs 
and therefore simplify the scale-up 
of differentiation bioprocess, such 
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  f TABLE 2
Bioreactor systems for potential culture of hiPSC and hematopoietic cells.
Bioreactor type Manufacturers Scale available Culture format Applications Remarks
“Artificial lung” per-
fusion bioreactor

AmProtein (China) 5–300 L Polymer fiber carriers VERO, CHO-S, CHO-K1
4.91 x 107 cells/ml of whole goat blood [71]

 fLargest scale of RBC culture reported to date

 fPotentially useful for large-scale expansion of RBCs
Roller bottle cultures Nunc Roller Bottle (Ther-

mo Fisher Scientific)
1050–4200 cm2 Dilution feeding Cell culture, vaccine and antibody production

Differentiation of RBCs [72] (2.9 x 1011 cells gen-
erated with 120 L of medium) and Neutrophils [73] 
(4.9 x 104 fold-expansion in total cell numbers by 
day 18) from CB CD34+ cells in 2 L roller bottles

 fNon-closed system handling of cells

 fLimits to scalability

 fLack of automated monitoring or maintenance of culture 
conditions

RollerCell (Cellon) Capable of handling 40 roller bottles Automation of inoculation, me-
dia change, harvesting possible

Wave bioreactors Xuri™ Cell Expansion Sys-
tem (GE Healthcare)

1–500 L Dilution or perfusion feeding 
strategy

Expansion of CHO, HEK293 for viral and protein 
production
CAR-T [74] and other immune cells

 fVersatile, single use bags

 fLess shear stress on cells as compared to stirred tank reactors

Finesse SmartRocker™ 
(ThermoFisher)

5–25 L

BIOSTAT® RM (Sartorius) 1–100 L Differentiation of RBCs [75] from cord blood de-
rived CD34+ cells in 2 L bags 
Neutrophils generation [76] from CB CD34+ cells 
in 10 L bags

Packed bed/ Hollow 
fiber bioreactors

TideCell® Bioreactor 
(ESCO Aster)

1–100 L BioNOC™ II cell culture matrix 
for anchorage dependent cells

Allogeneic cell therapy, protein expression, virus 
and mAB production

 fLinearly scalable up to 5000L

 fCan typically be performed in perfusion mode
iCellis® Single-use fixed 
bed bioreactor 
(Pall)

4–500m2

Surface area
Adherent cell processes and virus production  fSingle-use, allow for cell densities in excess of 1 x108 cells/ml

 fPacked-bed reactors may allow for co-cultures that help mimic in 
vivo environment

 fMay have limits to scalability
FiberCell® hollow fiber 
(KDBio)

80–1.2 m2 surface area cartridges 
capable of handling 100 L bioreactors  

Polysulfone, cellulosic, polysty-
rene fibers

T cells [77] and MSCs [78]

Stirred tank 
bioreactors

Mobius® CellReady (EMD 
Millipore)

3–2000 L Batch,
fed-batch or perfusion feeding 

50L scale reactor MSCs expansion [57]   fLinearly scalable operation

 fSingle use stirred tank bioreactors available

 fAgitation shear stress may affect cell viability and differentiation
HyPerforma Single-Use 
Bioreactors (ThermoFisher)

50–2000 L

BIOSTAT Univessel® Glass
BIOSTAT STR (Sartorius)

1–10 L
12.5–2000 L

Xcellerex™ XDR (GE) 4.5–2000 L
Applikon-Biotechnology 0.1–130 L RBCs from CB [79]
DASGIP® 
& BioBLU® (Eppendorf)

0.1–40 L
0.75–3.8 L

hiPSCs [53]

Perfusion 
Bioreactors

K-SEP® system (Sartorius) Processing volume of 0.1–6000 L In-line centrifugation  fAutomated cell processing and operation for perfusion culture

XCell™ ATF (Repligen) Capable of being combined with 
1–1000 L reactors

Alternating tangential flow 
filters and hollow-fiber

CHO cells for Ab production  fBack-flow action prevents clogging/fouling

 fCell densities exceeding 2 x 108 cells/ml have been reported [80]
FiberCell®/TideCell® Possible to be performed on 100 L 

scale
Hollow-fiber or packed bed

Applikon BioSep Capable of handling 1–1000 L/day Acoustic wave settlers CHO cells, Hybridoma cells, murine iPSC  fCapable of handling cell densities of 100 million cells/ml
Isolated Expansion 
Systems

Quantum® Cell Expansion 
System (TERUMOBCT)

Hollow fibers with 2.1 m2 surface 
area equivalent to 120 T175 flasks

Batch or Fed batch Automated expansion of MSCs and CAR-T cells 
[77]

 fClosed system, automated cell isolation, manipulation and 
expansion and 

 fGMP compliant 
CliniMacs Prodigy® 
(Miltenyi Biotec)

CAR-T [81]
CD34 HSCs [82]
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that expanded 3D hiPSC aggre-
gates can be primed towards lineage 
differentiation by simply changing 
from pluripotent expansion medi-
um to lineage differentiation medi-
um within the same bioreactor. Our 
group has previously demonstrated 
an integrated approach for efficient 
expansion and differentiation of 
hiPSC-MC aggregates into cardio-
myocytes [61] and hematopoietic 
cells [12]. In future, such processes 
may be further adapted for develop-
ing larger scale-differentiation plat-
forms in bioreactors. 

LACK OF SCALABLE 
APPROACHES FOR 
HEMATOPOIETIC 
DIFFERENTIATION 
A more challenging issue pertain-
ing to scale-up of hematopoietic 
differentiation process is the lack of 
scalable processes for generating he-
matopoietic progenitor cells (HPCs) 
from hiPSCs. To-date, most proto-
cols have described derivation of 
HPCs based on monolayer seeding 
of either hiPSCs [66] or hemogenic 
endothelial (HE)-like cells derived 
from EBs [10,67]. However, in most 
of these approaches, suspension cul-
ture HPCs are only derived during 
the later stages of differentiation. For 
scale-up of the entire differentiation 
process, development of a complete-
ly suspension culture-based differen-
tiation protocol would be ideal. This 
then could allow the entire process 
of hiPSC expansion, EB differenti-
ation and HPCs and erythroid dif-
ferentiation process to be performed 
in scalable suspension culture biore-
actors. Thus, the microcarrier and 
3D-aggregate cultures of hiPSCs 
and EBs should be taken into con-
sideration when developing scalable 

differentiation processes starting 
from hiPSCs.    

BIOREACTOR FORMATS 
FOR HIPSC,  
HEMATOPOIETIC & 
ERYTHROID EXPANSION
Several variations of commercial 
bioreactors formats are available 
for scale-up culture of human stem 
cells. In developing a manufactur-
ing process for RBC generation 
using hiPSCs as the starting cell 
source, one may need to consider 
different modes of culture regime 
(repeated batch, fed-batch, dilution 
feeding, perfusion) and different 
reactor formats or combinations 
that can allow for development of a 
closed system process for generating 
high density culture of RBCs. For 
instance, hiPSC expansion may be 
performed in wave-bioreactors or 
stirred tank bioreactors [53,68] with 
complete medium renewal (repeat-
ed batch), hematopoietic expansion 
may require fed-batch [69,70] or 
dilution feeding strategy for maxi-
mal expansion, whereas erythroid 
expansion may need perfusion 
culture in hollow-fiber, wave- or 
stirred tank bioreactors to attain 
high cell densities. Highlighted in 
the following segment and in Table 
2 [53,57,71–82] are a few bioreac-
tor formats that can potentially be 
used for hiPSC, hematopoietic and 
blood cell expansion. 

ROLLER BOTTLE 
CULTURES
The most simplistic of these are 
the roller bottle cultures that have 
traditionally been applied for scale-
up of adherent cells for vaccine 
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production. Current roller bottle 
systems such as RollerCell (CEL-
LON) allow for automation of cell 
inoculation, media exchange and 
harvesting. Large-scale generation 
of neutrophils (4.9 x 104-fold expan-
sion with in 18 days) [73] and RBCs 
[72] from cord blood (CB) CD34+ 
cells by dilution feeding strategy has 
been described with the use of 2 L 
roller bottles, producing close to 2.9 
x 1011 RBCs (90.1% CD235a+ and 
50.1% enucleated) with the use of 
120 L of medium and starting with 
as little as 1 million CB CD34+ 
cells [72]. Going by this calculation, 
in the roller bottle culture system, 
the production of 1 unit of blood (2 
x 1012 RBCs) would require great-
er than 800 L of culture medium 
which is far too much for develop-
ing an economically viable manu-
facturing process. Culture intensifi-
cation processes which can allow for 
production of greater densities of 
cells/unit volume of culture media 
would be necessary for reduction 
of media consumption and cost of 
manufacture. While the operation 
of roller bottle system is straightfor-
ward, lack of control over dissolved 
oxygen (DO) concentration, lack of 
maintenance of pH levels, lack of 
a complete closed system mode of 
operation, manual handling of mul-
tiple roller bottles and limitations to 
peak cell densities achievable make 
this system less than ideal for large-
scale manufacture of RBCs. 

WAVE BIOREACTORS
Closed system wave bioreactors 
allow for efficient expansion of 
suspension and 3D aggregate cul-
tures under low shear force mix-
ing motion. These systems which 
utilize single-use culture bags are 

available from 2L to 1000L scales 
[83] (GE Healthcare’s Xuri™ Cell 
Expansion system, ThermoFisher’s 
Finesse SmartRocker™, Sartorius’s 
BIOSTAT® RM). With controlled 
operations and on-line monitoring 
of parameters (temperature, DO, 
pH), wave reactors have proven to 
be useful for GMP-compliant op-
erations. Wave bioreactors can be 
operated under fed-batch or per-
fusion mode (when fitted with in-
ternal floating filters) with cell den-
sities as high as 100 million cells/
ml having previously been reported 
[84]. Such systems have successful-
ly been used for scale-up culture 
of hiPSCs [85], T cells [86], CHO 
cells and lymphocytes [87]. Tim-
mins et al., had previously used 1 
L Cultibag RM wave bioreactors 
for ultra-high yield generation of 
RBCs from HSCs, achieving close 
to 1.7 x 106 fold expansion in cell 
numbers within 21 days of culture 
using animal component free medi-
um, replacing BSA and transferrin 
with recombinant human albumin 
and transferrin [75]. They were able 
to report enucleation efficiencies 
of >90% in medium without hu-
man serum/plasma and without 
any feeder or co-cultures. However, 
this study failed to reveal peak cell 
densities attainable or total RBCs 
produced using the wave bioreactor 
systems. The same group had also 
demonstrated 10 L-scale generation 
of neutrophils equivalent to 30 dos-
es (2 x 1010 cells/dose) starting from 
CB CD34 cells [76]. Although these 
studies were demonstrated in 1–10 
L scale culti-bags, they highlight 
the potential of using larger-scale 
wave bioreactors for scale-up of 
expansion and differentiation of 
hematopoietic cells into RBCs. A 
combination of perfusion feeding 
strategy should in theory allow for 
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high density erythroblasts cultures 
to be attained in wave bioreactors.

PACKED-BED &  
HOLLOW-FIBER 
BIOREACTORS 
Packed bed and hollow-fiber bio-
reactors refer to reactors which are 
packed with porous scaffolds [88], 
macro-carriers, 3D-biomaterials 
[89] or micro-porous hollow-fibers 
[77] that allow for the entrapment of 
cells while allowing for efficient me-
dia exchange/diffusion and aeration 
under low shear stress environment 
without loss of cells. Such systems 
have traditionally been used in the 
vaccine and monoclonal antibody 
production arena and may also be 
useful for applications which may 
require co-culture of stromal cells 
such as MSCs to support expan-
sion of HSCs [89]. Packed-bed re-
actors allow for cell interaction and 
thus, in some sense, represent more 
in vivo-like conditions that may 
be favorable for expansion of stem 
cells. Along such lines of thinking, 
Allenby et al., demonstrated effi-
cient erythropoiesis starting from 
unselected cord blood mononuclear 
cells in a 3D perfusion bone marrow 
biomimicry model using ceramic 
hollow fibers to establish co-cultures 
of stromal cells to support hemato-
poietic culture densities (>109 cell/
ml) similar to in vivo conditions, 
and with egression of enucleated 
erythrocytes through the hollow 
fibers [89], establishing a dynamic 
process for continuous differentia-
tion and harvest of RBCs (enriched 
from 3 to 23%). However, this 
study was performed in a small-scale 
(<5 ml volume) 3D hollow fiber re-
actor. The feasibility of reproducing 
this in larger scale-bioreactors for 

continuous production of blood 
cells is yet to be attempted. Large-
scale packed bed bioreactors (ESCO 
TideCell® reactors- scale of up to 
5000 L) and hollow-fiber cartridges 
(GE FiberCell® Systems) capable of 
handling 1 L volume and support-
ing up to 5 x 1010 cells, potential-
ly at 100 L scale are commercially 
available. Large-scale expansion of 
hematopoietic cells such as T cells 
have been reported with the use of 
Quantum® Cell Expansion System 
(single-use hollow-fiber bioreactor), 
with cell densities greater than 2 x 
108 cells/ml being achieved with 
perfusion culture [77]. Recent find-
ings such as this may highlight the 
potential to use large-scale hol-
low-fiber bioreactors for expansion 
and differentiation of hematopoietic 
cells.

STIRRED-TANK 
BIOREACTORS 
Linear scalability from bench-top 
laboratory scale bioreactors (0.25–
10 L) to industrial scale bioreactors 
(1000 L) has been well studied for 
expansion of cell-lines for protein 
expression, antibody and vaccine 
production applications. Several 
variations of stirred tank bioreactors 
with different impeller designs are 
commercially available: BIOSTAT 
B (2-blade impeller; Sartorius), 
CelliGen (Cell-lift double-screen 
impeller; New Brunswick Scien-
tific), Mobius Cell Ready (single 
top-driven marine impeller; EMD 
Millipore) bioreactors. With re-
spect to stem cell expansion, scale-
up of mesenchymal stromal cells 
(up to 50 L scale) [57], hiPSCs 
aggregates (in 3 L bioreactor) [51] 
and hiPSC-MC aggregates [58] has 
previously been demonstrated in 
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stirred-tank bioreactors. With ex-
pansion of stem cells in stirred tank 
bioreactors, one has to pay attention 
to issues of spontaneous differentia-
tion and increased cellular damage 
due to agitation shear stress [83], 
especially with larger volume bio-
reactors which require higher stir-
speeds to maintain efficient mixing 
and homeostasis. Our group has 
previously described expansion of 
an immortalized erythroid cell line 
in a 0.5 L laboratory-scale stirred 
tank bioreactor [90]. Under batch 
mode operation, our results sug-
gest that supplementation of nu-
trients, especially amino-acids such 
as L-Serine, L-Cysteine and L-Me-
thionine, may support increased 
cell expansion. Hematopoietic ex-
pansion from umbilical cord blood 
has previously been demonstrated 
in small-scale (15 ml) Ambr® bio-
reactors achieving cell densities of 
1 x 107 cells/ml by employing a 48 
hour total medium exchange proto-
col [91]. In our lab, we have been 
able to achieve cell densities of 1.5 
x 107 cells/ml with > 90% cell via-
bilities with culture of hiPSC differ-
entiated erythroid cells in 125–500 
ml stirred spinner flasks with 1 ves-
sel volume per day media changes 
initiated at cell density of 7 x 106 
cells/ml [Unpublished Data]. At cell 
densities of 1.5 x 107 cells/ml, our 
calculations suggest that lactate and 
ammonia levels may reach inhibito-
ry levels within 24 hours of culture, 
suggesting that continual renewal 
of medium to prevent accumula-
tion of inhibitory levels of lactate 
and ammonia may potentially allow 
for cell densities exceeding 15 mil-
lion cells/ml to be achieved. Recent 
studies by Bayley et al., suggest that 
mechanical agitation in stirred tank 
bioreactors is also able to support 
increased enucleation of erythroid 

cells. Their group also hypothesized 
that the low oxygen consumption 
(~5 x 10-8 µg/cell/hour) by eryth-
roblasts should in theory allow for 
cell densities to reach 5 x 108 cells/
ml and therefore making single unit 
of blood production amenable in 
sub 10-L bioreactors [92]. Taken to-
gether, expansion of erythroid cells 
in stirred tank bioreactors operated 
with a perfusion device for contin-
ued media renewal should keep in-
hibitory catabolites below their in-
hibitory threshold levels and could 
be useful for achieving high density 
cultures.     

PERFUSION  
BIOREACTORS FOR 
ACHIEVING UL-
TRA-HIGH-DENSITY 
CULTURES 
Perfusion bioreactors refer to 
stirred-tank or wave bioreactors typ-
ically operated with semi-permeable 
membranes or filters, hollow-fiber 
cartridges (XCell™ ATF, Repligen), 
packed porous materials (BioN-
OC™ II carriers; ESCO), acoustic 
resonance settlers (Applikon Bi-
oSep) to entrap or retain cells while 
performing continuous medium 
replenishment. While cell densities 
exceeding 2 x 108 cells/ml have been 
reported with culture of cell-lines 
using hollow fiber cartridges [80,93], 
the main limitations to perfusion 
culture operations are fouling and 
clogging of membranes/hollow fi-
bers at high cell densities [94] which 
may ultimately affect the quality of 
the expanded cells. Loss of cell via-
bility can result in accumulation of 
DNA, proteins and cellular com-
ponents that can further contribute 
to membrane fouling. With respect 
to this, cell retention devices using 
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acoustic waves (Applikon-BioSep, 
FloDesign Sonics) for cell separa-
tion and retention may in part be 
less damaging to cells and allow for 
scale-up of perfusion cultures. Per-
fusion mode of operation is also 
heavy on media usage and as such 
is a significantly more costly produc-
tion approach. Nevertheless, contin-
uous nutrient renewal and removal 
of inhibitory catabolites has enabled 
ultra-high cell densities exceeding 
200 million cells per/ml typical-
ly in the field of antibody produc-
tion with CHO cells [80]. Thus far, 
high-density perfusion cultures have 
not been applied with generation of 
stem cells as the end product. Thus, 
the issue of the final quality of cells 
derived following perfusion culture 
still remains to be investigated and 
demonstrated especially if intended 
for clinical applications. Given the 
build-up of inhibitory catabolites at 
high cell densities, perfusion process 
with frequent medium replenish-
ment would represent the most fea-
sible mode of operation for achiev-
ing ultra-high densities of RBCs 
exceeding 100 million cells/ml.

SUMMARY OF CRITICAL 
PARAMETERS TO  
CONSIDER FOR  
BIOREACTOR CULTURE    
In expansion of stem cells such as 
hiPSC and HSCs, a critical param-
eter to bear in mind is the mixing 
speed/mode and shear stress. Agita-
tion induced shear stress has been 
shown to affect cell viability [95] 
and may have an effect on the dif-
ferentiation potential of stem cells 
[83]. Impeller design for efficient 
lifting of cells, speed of mixing [95], 
inclusion of baffles, chemical agents 
such as Pluronic® to reduce agitation 

shear stress are critical parameters 
that need to be considered and opti-
mized for stirred tank cultures. DO 
concentrations [96] are also critical 
for stem cell expansion, with 20–
50% of air saturation typically be-
ing used for most mammalian cell 
cultures in bioreactors. While cell 
types such as MSCs [97] and HSCs 
[98] have been shown to expand 
more efficiently under hypoxic con-
ditions (5% O2), other cell types 
such as human pluripotent stem 
cells (hPSCs) were demonstrated 
to expand better when DO was 
controlled with 30 versus 5% air 
saturation [58]. However, a balance 
has to be drawn when supplying 
oxygen by sparging as this has been 
implicated in increasing hydrody-
namic shear stress, which may in-
advertently affect cell viability [99]. 
High cell density cultures also re-
quire more frequent replenishment 
of nutrients (glucose, amino acids, 
vitamins, cytokines) in order to 
maintain exponential growth. Ad-
dition of these nutrients in concen-
trated feeds would be necessary de-
pending on the nutrient utilization 
rates of cells being cultured. The 
mode of operation such as repeat-
ed-batch (semi-discontinuous) ver-
sus perfusion (continuous) becomes 
critical for medium replenishment 
for culture intensification process. 
Inhibitory catabolite production 
(lactate>15 mM, ammonia>4 mM, 
reactive oxygen species [ROS]) has 
been shown to affect cell expansion 
[92] and is another factor that has 
to be considered when performing 
culture intensification. Thus, rate of 
catabolite accumulation has to be 
determined and media replacement 
rate optimized to prevent accumu-
lation of inhibitory levels of catab-
olites or other inhibitory cytokines 
such as TGF-β, IFN-λ, TNF-α and 
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interleukins (IL1-β, IL-2, IL-4, IL-
6, IL-10). Changing media formu-
lation such as reducing concentra-
tion of glucose, or alternate energy 
source for metabolism such as malt-
ose, may also help to reduce lactate 
production [100]. The types of cell 
retention device used for perfusion 
culture may have a big impact on 
maintaining high-density cell cul-
tures. Clogging and fouling of 
certain membrane type filters and 
hollow-fiber cartridge at high cell 
densities have pushed for continued 
development of improved devices 
for performing perfusion cultures. 
Future developments with acoustic 
devices such as the Applikon Sono-
Sep and FloDesign Sonics may have 
an impact in this field of applica-
tion. Figure 1 summarizes a poten-
tial workflow for scalable generation 
of RBCs from hiPSCs.  

ENUCLEATION & 
PURIFICATION
Unlike other stem cell expansion or 
differentiation, an additional chal-
lenge with RBC manufacture is the 
need to terminally mature erythro-
blasts into enucleated RBCs and the 
eventual need to separate nucleated 
cells from enucleated RBCs. While 
adult- and CB-derived erythroid 
cells have been shown to be effi-
ciently induced to undergo enu-
cleation even in bioreactor formats 
(>90% reported by Timmins et al.) 
[75], hiPSC-derived erythroblasts 
have proved to be challenging to 
induce efficient enucleation (per-
cent enucleation ranges from 5 to 
<30%) [10,101,102] possibly due 
to aberrant expression of genes in-
volving protein degradation, ly-
sosomal clearance of organelles 
[101] and disruption to cytoskeletal 

remodeling [103] during terminal 
maturation. Nevertheless, strategies 
including the genetic engineering of 
cells, such as the SH2B3 KO lines 
(5–6-fold increased enucleation) 
[104], mir30a inhibition (increased 
from <5 to >50% enucleation) [102] 
and monolayer co-culture of MSCs 
(up to 63% enucleation) [105], have 
resulted in improved enucleation 
of hiPSC-derived erythroid cells. 
Moving forward, there is a need 
to screen and identify compounds 
which can allow for efficient enu-
cleation of hiPSC-derived erythroid 
cells in defined media formulations 
to allow for efficient scale-up of the 
process. For instance, by performing 
compound screening using a 324 
compound library of cell permeable 
drugs on murine erythroid cells, 
Wolwer et al. identified key roles of 
histone deactylases (HDACs), pro-
teasomal regulators and mitogen-ac-
tivated protein kinase (MAPK) in 
erythroid enucleation [106]. Similar 
approaches could be used to evalu-
ate whether activating/inactivating 
these pathways in hiPSC erythroid 
cells can improve enucleation. 

Besides induction of enucle-
ation, another bioprocessing chal-
lenge with RBC culture is the 
need to separate enucleated RBCs 
from extruded nucleus (pyreno-
cytes) and non-enucleated cells. In 
blood banks, single units of blood 
(2 trillion cells) have been purified 
with enriched enucleated RBCs by 
passing them through conventional 
leukocyte reduction filters [72,107]. 
However, with in vitro cultured 
RBCs typically cultured in 10s-100s 
of liters of media volume, separa-
tion of enucleated RBCs may re-
quire integration of cell processors/
concentrators such as large scale in-
line centrifugation devices capable 
of processing 0.1–6000 L (K-Sep® 
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systems, Sartorius). Cell process-
ing devices such as the recently 
developed Acoustic cell separators 
(EKKO from FloDesign Sonics) 
which are able to concentrate large 
volumes of cell suspension into 
smaller volumes may be essential for 
downstream concentration and pu-
rification processes. Incorporation 
of multiple micro-fluidics-based 
devices, which are currently being 
evaluated for separation of reticu-
locytes from whole blood [108], is 
another field of bioprocessing that 
may find useful applications for pu-
rification of RBCs. However, these 
are currently only able to handle 
small volumes at a time (typically 
processing 1 ml of packed RBCs per 
10 min). Scale-up of such microflu-
idics technologies may have their 
own sets of challenges and have yet 
to be demonstrated for large-scale 
bioprocess development.

STORAGE,  
CRYOPRESERVATION 
& QUALITY CONTROL 
VALIDATION
Conventionally, collected donor 
RBC concentrates are typically 
stored in citrate-phosphate-dextrose 
solution at 4⁰C for up to 42 days 
[109]. Other commercial RBC stor-
age solutions include SAGM, AS-1, 
AS-3, AS-5, MAP, PAGGSM [110]. 
Cryopreservation of excess and rare 
blood types using Glycerolite-based 
cryopreservation technologies is a 
common practice in blood banks 
[111] although extensive washing 
to deglycerolize the thawed RBCs is 
necessary before transfusion. Recent 
advances in RBC cryopreservation 
include the use of ice recrystalli-
zation inhibitors (IRIs) [112] with 
reduced glycerol concentrations. 

Frozen red cell products stored at 
-80⁰C for up to 10 years are still 
approved for clinical use provid-
ed that they meet the safety crite-
ria for transfusion [113]. Alternate 
methods of preservation such as 
freeze-drying that have previous-
ly been applied to preservation of 
mononuclear cells [114] may also 
prove to be useful for long-term 
storage and transport of RBC con-
centrates. Similar approaches would 
have to be tested for hiPSC-derived 
RBCs to evaluate their potential to 
be stored or cryopreserved. A com-
mon issue with long-term storage 
of RBCs at 4⁰C or post-thaw after 
cryopreservation is the issue of he-
molysis and accumulation of stor-
age lesions which may affect their 
transfusibility [109]. Therefore, im-
portant quality control (QC) vali-
dation steps have to be incorporated 
to ensure that the quality of RBCs 
is maintained even after storage or 
thawing following cryopreservation. 
These tests should include measure-
ments of oxygen affinity, hemolysis, 
membrane deformability, 2,3-diph-
ophoglycerate (DPG), adenosine 
triphosphate (ATP), pyruvate ki-
nase (PK), glucose-6-phosphate 
dehydrogenase (G6PDH), methe-
moglobin, RBC indices (mean cor-
puscular volume, mean corpuscular 
hemoglobin, mean corpuscular he-
moglobin concentration), morphol-
ogy and osmotic fragility [115].  

AVAILABILITY OF RAW 
MATERIALS & COST OF 
MANUFACTURE 
While hiPSC hold a great poten-
tial to circumvent issue of shortages 
in blood supply, the biggest chal-
lenge seems to be the cost of man-
ufacturing hiPSC derived RBCs. 
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Current estimates in the literature 
put RBC generation in the range 
of USD$8000–15000 per transfu-
sion unit [116]. However, at current 
throughputs and cost of commercial 
medium, our calculations suggest 
that the cost could be at least 5x 
more than what has been estimated 
previously. One of the major com-
ponents of the costs is due to the 
large volumes of medium and cy-
tokines required, especially for run-
ning perfusion bioreactors with the 
aim of achieving ultra-high-density 
cultures. Thus, media-optimiza-
tion studies would be pertinent for 
development of cheaper media for-
mulations to bring the cost down. 
Zhang et al., showed that they could 
bring the cost of medium required 
for generating 1 unit of blood to 
$6000 with an in-house developed 
medium (excluding cytokine cost), 
which is 1/30th of the cost that 
would be required with commercial-
ly available medium [72]. Even if one 
is able to achieve ultra-high density 
of 5 x 108 cells/ml, this would still 
require minimally 10 L of medium 
for erythroid expansion. Judging by 
these estimates, the production of 
several units of blood would require 
hundreds of liters of medium. This 
heavy demand for medium brings 
along burdens in terms of availabil-
ity of raw materials such as human 
serum albumin and transferrin re-
quired for manufacture of medi-
um. One possible way to overcome 
constraints of such raw materials 
would be to use recombinant substi-
tutes such as recombinant albumin 
[117] and transferrin (InVitria) that 
have previously been used for opti-
mization of HSC expansion [118]. 
Given the media-intensive nature 
of RBC generation, cost-effective 
and alternate sources of raw ma-
terials, such as from plant-derived 

protein hydrolysates or recombinant 
proteins, would have to be sourced 
out for developing cheaper media 
formulations and addressing issues 
of limited availability of human se-
rum-derived products. Future col-
laboration would be necessary be-
tween manufacturers of commercial 
medium and cytokines to further 
bring down the cost of manufacture 
of blood. With economies of scale, 
one could also anticipate a reduction 
in the cost of cytokines/unit of blood 
produced. Replacement of expensive 
cytokines with peptide mimetics or 
analogs such as those already avail-
able for TPO (Romiplostium, El-
trombopag, AKR-501, NR101) and 
EPO (EMP20, ARA-290, EPO-Fc 
fusion proteins) could also help to 
drive down cost [119]. Screening and 
identifying small molecules that can 
improve expansion and differenti-
ation of hematopoietic cells could 
also bring about cost reductions 
[120,121]. Lastly, novel genetic en-
gineering strategies that can generate 
efficient differentiating lines, apop-
tosis-resistant lines and lines which 
can differentiate independent of cy-
tokine-based signaling or transcrip-
tion factor-induced differentiation 
approaches may also significantly 
reduce the Cost of Manufacture.

CONCLUSION
Although the idea of having the po-
tential to generate a limitless supply 
of RBCs from hiPSC is appealing, 
there are several challenges that one 
has to consider and overcome in or-
der to turn this into a practical reali-
ty. In this review, we have highlighted 
major challenges related to develop-
ing a RBC manufacturing process 
starting from hiPSCs. Continual 
technological advancements should 
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in future allow for more efficient 
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sion, culture intensification of eryth-
roid cells and large-scale separation 
of enucleated RBCs. Novel strategies 
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to significantly improve differentia-
tion and enucleation of hiPSC-de-
rived RBCs. Cheaper alternatives 
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plements and commercial medium 
would be required to significantly 
bring down the cost of manufacture. 
Alternate supplies of raw materials 
such as recombinant proteins may 
be necessary to overcome constraints 
on limited supply of human se-
rum-based products. Lastly, storage, 
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be optimized for an efficient storage 
and supply chain to be developed. 
There are many challenges ahead in 

bringing hiPSC-derived RBCs to the 
blood banks, the key of which hing-
es around developing a cost-effective 
manufacturing platform for large-
scale RBC generation. With contin-
ued biological innovations and tech-
nological advancements, the dream 
of having a safe and stable supply of 
blood generated outside of the hu-
man body could become a reality in 
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