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In vitro generation of red blood cells (RBCs) has the potential to circumvent the shortfalls in global demand for
blood for transfusion applications. The conventional approach for RBC generation has been from differentiation
of hematopoietic stem cells (HSCs) derived from cord blood, adult bone marrow or peripheral blood. More
recently, RBCs have been generated from human induced pluripotent stem cells (hiPSCs) as well as from immortalized adult erythroid progenitors. In this review, we highlight the recent advances to RBC generation from
these different approaches and discuss the challenges and new strategies that can potentially make large-scale in
vitro generation of RBCs a feasible approach.

1. Introduction

1.1. Global demand for blood

Transfusion of red blood cells (RBCs) restores the oxygen transport
capacity of blood in circulation and over the last century, has evolved to
become a lifesaving treatment. The continuous supply of blood from
various blood groups is essential for transfusion needs arising from
trauma or elective surgical procedures and for treating chronic conditions such as thalassemia and sickle cell anemia. Although 108 million
units of donated blood are collected around the world annually,
shortages have arisen due to key global trends (http://www.who.int/
news-room/detail/13-06-2016-voluntary-unpaid-blood-donationsmust-increase-rapidly-to-meet-2020-goal).

The rise of unexpected supply shocks has previously contributed to
blood shortages. These include natural disasters, military conflicts and
disease outbreaks. Most recently in February 2016, the US Food and
Drug Administration (FDA) issued a ban on the collection of blood from
Zika virus-infected areas leading to Puerto Rico having to import all of
its blood supplies (https://www.cdc.gov/mmwr/volumes/65/wr/
mm6524e2.htm). Different countries have varying abilities to cope
with such shocks (https://www.huffingtonpost.ca/2015/11/14/parisattacks-blood-donation_n_8563558.html). For instance, in the aftermath of conflict in Northern Afghanistan in 2002 (http://www.nytimes.
com/2003/01/03/world/threats-and-responses-northern-iraq-a-
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doctors-dilemma-hits-kurdish-patients.html), there was a chronic
shortage of medical supplies including blood for transfusion.
The outbreak of human immunodeficiency virus (HIV) and transfusion-transmissible infections among commercial plasma donors in the
late 1980s to mid-1990s was a public health tragedy. Although this can
now be avoided by blood testing, the infrastructure for this still remains
relatively poor in low-income countries. The World Health
Organization has profiled higher prevalence of transfusion transmissible infections from blood donations from low income nations (1.08%
compared to 0.003% in high-income countries) (http://www.who.int/
mediacentre/factsheets/fs279/en/). A consistent disease-free source of
blood would prevent the transmission of such infections and also factor
out the costs involved in testing each unit of donated blood (Shi et al.,
2014).
Additionally, a patient population who would benefit from in vitro
produced RBCs would be the chronically transfused patients who would
be able to receive a consistent source of matched RBCs. Annually, there
are around 332,000 newborns affected with hemoglobin disorders such
as thalassemia major and sickle cell disease requiring chronic transfusions, accounting for 0.8–1.3% of total transfused patients (Peyrard
et al., 2011). Serotype matching procedures for these patients drive up
the cost of providing transfusion, while accidental exposure to RBC alloantigens due to inadequate medical screening leads to the recipient
developing antibodies against the antigen. Lapillonne et al. concluded
that in vitro produced RBCs generated from 3 donors of ideal blood
types can provide matched blood for 99.4% of the population with
recurrent transfusion needs (Lapillonne et al., 2010).

2.2. Freezing with glycerol
Since the 1980's, the process of freezing RBC units for future use has
transformed the supply of blood (Fabricant et al., 2013). Smith et al.
was the first to show that blood mixed with glycerol could be frozen and
after thawing and deglycerolisation, could retain normal viability
(Smith, 1950). A number of protocols were subsequently developed
culminating with an FDA approved protocol (in 1987) for the 10-year
storage of glycerol frozen RBCs maintained at −80 °C (Valeri et al.,
2000). Today, freezing of excess units for future use is a routine procedure in blood banks. Although this reduces wastage and ameliorates
seasonal shortages of blood supply, it does not address the chronic
shortage in developed countries due to population demographic
changes (Gilcher and McCombs, 2005).
3. Artificial oxygen carriers as red blood cell substitutes
Although blood transfusion is effective, there have always been
associated risks of hemolytic reactions or the transmission of bloodborne infectious agents and the associated ancillary services to mitigate
them (blood typing, pathogen testing and cross-matching) have driven
up costs (Forbes et al., 1991). This was epitomized during the start of
the Acquired immune deficiency syndrome (AIDS) pandemic where
leaders of blood banking institutions and the US FDA downplayed the
risk of HIV transmission through transfusion, delaying the implementation of costly screening until there was unequivocal evidence
for transfusion-related AIDS. The medical field faces a similar dilemma
today with emerging infections such as the Zika virus. In this light,
having an off-the-shelf oxygen carrying fluid that is free of infectious
agents and that can be used independently of a patient's blood group is
appealing. Among attempts to generate RBC substitutes, perfluorocarbon (PFC) emulsions and acellular hemoglobin-based oxygen
carriers (HBOC) have been the two most developed substitutes. Due to
their chemistry, these classes of molecules have half-lives of < 18 h,
and the indications for use in clinical trials were for acute procedures
such as elective or cardiac surgery as a complementary tool to RBC
transfusion. Despite commercial interest, many clinical trials have been
halted due to marginal benefits and unexpected toxicities due to the
chemistry of these oxygen carriers. The outcomes of these clinical trials
have been reviewed extensively elsewhere (Cabrales and Intaglietta,
2013; Castro and Briceno, 2010; Chang, 2010, 2012; Kaneda et al.,
2009; Modery-Pawlowski et al., 2013; Napolitano, 2009; Piras et al.,
2008; Sakai et al., 2009; Winslow, 2006). Although HBOCs are derived
from human or bovine sources, their direct presence in the bloodstream
has proven detrimental. HBOCs infiltrate the endothelium of blood
vessels resulting in oxidative damage and consumption of nitric oxide,
causing potent microvascular vasoconstriction, leading to end-organ
damage (Chang, 2012; Forbes et al., 1991; Modery-Pawlowski et al.,
2013; Napolitano, 2009; Piras et al., 2008; Sakai et al., 2009). They also
lack the ability to auto-regulate the oxidative state of iron in their heme
groups. The irreversible conversion of Fe2+ to Fe3+ leads to lower
oxygen carrying capacity and higher oxygen affinity, hindering the
delivery of oxygen (Napolitano, 2009; Tao and Ghoroghchian, 2014). A
patent publication search shows that in the early 2000's there were
approximately 70 patents per year pertaining to artificial oxygen carriers or blood substitutes, but these numbers have been falling steadily
(see Fig. 1), possibly due to the lack of traction in commercialization.

2. Strategies for obtaining a safe and consistent blood supply
Before the prospect of in vitro generation of RBCs, various approaches were explored to obtain a safe and consistent blood supply
and these have contributed to the way blood is processed and banked
today.
2.1. Lengthening RBC Shelf Life
To maximize the shelf life of RBCs, the most widely used protocols
stored red cell concentrates at 4 ± 2 °C in saline adenine glucose
mannitol (SAGM) solutions. Many of these initial studies were conducted by militaries due to their interest in creating durable blood
supplies in operational areas. Incremental developments to this field of
research resulted in the inclusion of phosphate (in the 1950s) and
adenine (in 1970s) to the RBC storage solution (Hess, 2006). More recent studies have focused on understanding, preventing and reversing
RBC storage lesions that accumulate during storage. These changes in
RBCs during storage include decreasing concentrations of adenosine
triphosphate (ATP) and allosteric effector, 2, 3-diphosphoglycerate (2,
3-DPG) leading to red cell membrane loss and substantial changes in
rheological properties that cause hemolysis (Lapillonne et al., 2010).
Potential ways to improve RBC storage include additional bicarbonate
and phosphate to maintain higher pH and ATP concentrations. Storing
RBCs in the cold and in the absence of oxygen has also shown to reduce
metabolism generally and eliminate a source of oxidative injury.
Chloride-free medium, which causes intracellular chloride to leave in
exchange for diffusible hydroxide has also been proposed as a method
to raise intracellular pH. Recent research efforts have focused on the
use of biomarkers to determine the metabolic age of stored RBCs (Paglia
et al., 2016), but the authors admit that the full clinical impact of the
multiphase metabolic decay of RBCs under storage conditions remains
to be elucidated. While these studies on improving the shelf life of RBCs
and introducing more quality controls could lead to improvements in
the RBC units, they have not been widely adopted by the blood services
sector due to the financial costs and risks of bringing these methods
through licensure by the regulatory bodies (Sparrow, 2012; Spinella
et al., 2011).

4. Clinical and regulatory requirements
RBCs are the body's principal means of delivering oxygen to the
tissues. They function primarily to take up oxygen in the lungs and
release the bound oxygen in areas of lower oxygen tension. This is
mediated by hemoglobin, which is found as a tetrameric protein with
two α and two β subunits. Each subunit contains an iron-heme group
that reversibly binds an O2 molecule. When fully saturated, the
2119
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progress over the decades (Shah et al., 2014). Clinical infrastructure in
place since 1991 for the routine collection of cord blood (CB) or peripheral blood (PB) created opportunities for the investigation of laboratory scale methods for RBCs production from HSPCs (Parco et al.,
2013). Hypothetically, studies to date show that > 500 units of cultured RBCs (cRBCs) can be expanded from one unit of CB using optimized protocols, which proponents argue is a sufficient level of amplification for future clinical use (Fujimi et al., 2008; Giarratana et al.,
2005; Giarratana et al., 2011; Leberbauer et al., 2005; Timmins et al.,
2011).
Erythrocyte generation from CB HSPCs was first pioneered by
Douay et al., whose group showed the potential to expand and differentiate HSPCs by about 200,000-fold into pure erythroid populations
(95–99%), although marked by a low enucleation efficiency of around
4% (Neildez-Nguyen et al., 2002). Subsequently, in vivo terminal maturation of enucleated RBCs was demonstrated via transfusion of these
erythroid precursors into non-obese diabetic severe combined immunodeficient (NOD/SCID) mice. Douay's team also established that ex
vivo terminal maturation (of about 90%) of the erythroblasts derived
from either CB or PB HSPCs could be achieved by co-culturing with
murine MS-5 stromal cells (Giarratana et al., 2005). Notably, amplification of CD34+ cell population was ten-fold higher for CB HSPCs (up
to 1.95 × 106-fold) than for PB HSPCs (up to 1.22 × 105-fold). Owing
to the lower amplification potential, not much research has been
dedicated for peripheral blood sources. Despite that, Douay's protocol
produced comparable enucleation rates of about 90% for cRBCs differentiated from PB HSPCs and established the functionality of these
autologous cells in the first infusion study of a healthy adult subject
(Giarratana et al., 2005; Giarratana et al., 2011). Douay's group validated the functionality of cRBCs by demonstrating similar half-life to
native RBCs post-infusion (Giarratana et al., 2011). Additionally, Jin
et al. established considerable differences between the hemoglobin
development and various gene expression levels for CB- and mobilized
PB-derived erythrocytes, revealing differences in erythroid differentiation potential in ex vivo culture systems (Jin et al., 2014).
In 2008, Baek et al. investigated cRBCs expansion (differentiated
from CB-derived CD34+ cells) following co-culture with bone marrow
(BM) or CB-derived mesenchymal stem cells (MSCs). They reported
8000-fold expansion of RBCs with an enucleation rate of about 64%
(Baek et al., 2008). The heterogeneity between BM-derived MSCs increased the variability in CB CD34+ expansion, leading to a lower yield
of cRBCs obtained. On the other hand, a non-autologous donated source
of CB-derived MSC feeder would not be a feasible option for bioprocess
development due to issues of allogenicity. As such, approaches utilizing
co-culture with feeder cells face numerous challenges, and also downstream challenges in obtaining pure cRBCs for therapy. Thus, developing bioprocesses without adherent feeders would reduce both the
cost and complexities involved.
Nakamura's group developed an optimized feeder-free protocol
which resulted in 5.8 × 105 fold expansion of CD34+ cells with an
enucleation efficiency of about 77.5% (Miharada et al., 2006). In an
attempt to develop a protocol with an even higher cell output, Fujimi
et al. significantly improved the expansion of CB HSPCs to 3.52 × 106fold by co-culturing them with human macrophages generated by
CD34+ cells differentiated from allogenic donor (Fujimi et al., 2008).
Subsequently, the group was able to enucleate orthochromatic erythroblasts, reaching efficiencies as high as 99.4%. However, caveats to
their approach would be the extended duration required to derive the
macrophages, the requirement of human AB blood-type serum and the
need for a magnetic cell-separation step. Timmins et al. utilized the
protocol developed by Nakamura's group for further bioreactor studies
and was able to expand the cell output to an order of 2.25 × 108 in 1 L
bioreactors with an enucleation efficiency of > 90% in a defined serumfree medium (Timmins et al., 2011). Recently, Zhang et al. managed to
derive up to 2.5 × 108 erythrocytes from a single input of CB CD34+
cell, however, with the use of an FBS containing medium and reported

Fig. 1. Patent publications related to artificial oxygen carriers or blood substitutes over time.
Patsnap has an intellectual property database covering over 110 countries
worldwide, providing trends in user-defined search areas. This figure was obtained from an abstract search of the terms ‘artificial oxygen carrier’ or ‘blood
substitute’ within published patent abstracts over time.

tetramer carries four O2 molecules. In tissues where oxygen is consumed, changes in local conditions (pO2, pH, temperature, pCO2) cause
hemoglobin to undergo a conformational change from the R (relaxed)
to T (tense) state, decreasing its oxygen affinity. This is facilitated by
electrostatic binding with 2, 3-DPG. While O2 is released, CO2 binds to
the globin chains via its primary amino groups. Local conditions in the
lungs cause hemoglobin to dissociate from 2, 3-DPG, shifting back to its
R-state. This favors the release of CO2 and binding of O2 for respiration
(Perutz, 1969).
Blood banks use specific acceptance criteria for obtaining blood
from donors. Generally, donors are screened on their sexual history,
medications taken and travel histories. Potential donors must have a
minimum hemoglobin content (> 12.5 g/dL) to be accepted. If whole
blood is obtained, components are separated in subsequent steps
whereas apheresis allows for bed-side separation of blood components
(RBCs, platelets and plasma). Each unit is labeled with an International
Society of Blood (ISBT) serial number and screened for pathogens including Hepatitis B, Hepatitis C, Syphilis, Dengue, and Malaria (Health
Science Authority, Singapore). In the case of RBCs that are produced in
an in vitro environment, one would expect them to come under heavier
scrutiny and to be more thoroughly characterized. This is indeed what
is seen in literature. Table 1 shows the techniques commonly used in
literature for the characterization of in vitro generated RBCs.
5. Sources of cells for ex vivo generation of RBCs
Early research into ex vivo derivation and culture of hematopoietic
stem cells (HSCs) and generation of lineage committed cells such as
erythroid cells were primarily focused on stem cells derived from adult
peripheral blood, bone marrow and cord blood (Stella et al., 1995).
Within a decade of the introduction of human embryonic stem cells
(hESCs), first by James A Thompson (Thomson et al., 1998) in 1998 and
subsequently human induced pluripotent stem cells (hiPSCs) by Yamanaka (Takahashi and Yamanaka, 2006) in 2006, there has been a
plethora of scientific studies demonstrating derivation and differentiation of HSCs into lineage committed hematopoietic cells from these
human pluripotent stem cells (hPSCs) sources. The progress, potentials
and limitations of these different sources of cells with respect to largescale RBC generation will be discussed in this section.
5.1. RBC differentiation from adult peripheral blood and cord blood
Methods utilizing multipotent hematopoietic stem and progenitor
cells (HSPCs) as sources for ex vivo production of RBCs have seen much
2120
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Table 1
Phenotypic and functional characterization of erythroblast and mature RBCs required for clinical translation.
Test

Purpose

Blood agglutination assay for
RBC antigens
Standard hematological
parameters

Screening for 43 blood group antigens from 28 blood group
systems
Measurements of mean cell volume (MCV), mean corpuscular
hemoglobin concentration (MCHC), mean corpuscular
hemoglobin (MCH)
Characterization of purity of RBCs (CD71/CD235a) and
exclude progenitor (CD34/CD133) and myelo-monocytic or
megakaryocytic cells (CD14, CD15, CD41) or lymphoid cells
(CD3/CD19)
Analysis of different subunits of hemoglobin chains by ion
exchange HPLC, Flow cytometry, RT-PCR

Flow cytometry for surface
marker expression
Hemoglobin content
Karyotype analysis
Copy number change analysis
Detection of reticulocytes and
enucleated RBCs
Oxygen binding affinity

Remarks

Karyotype analysis of immortalized erythroblast to exclude
genomic abnormalities
To detect copy number variations in genomic regions of
chromosomes
Reticulocyte and enucleated RBCs count by flow cytometry
and staining with cell-permeable nuclear staining dyes
(Thiazole-Orange and Hoescht)
Oxygen equilibrium curves in response to pH and 2,3-DPG
changes

Intracellular enzyme levels

Analysis of intracellular 2,3-DPG, G6PDH, PK and ATP levels

Membrane deformability
studies

Membrane deformability measured by laser diffraction
technique [LORCA (laser-assisted optical rotational cell
analyser)]
Reduced binding of EMA is associated with disorders of RBC
membrane such as hereditary spherocytosis
To monitor in vivo half-life of cRBCs as well as tumorigenicity

Variations in binding of
eosin-5-maleimide (EMA)
Animal studies

Functional recovery from anemia
Sterility testing

Bacterial and mycoplasma testing

an enucleation rate of up to 50% in roller bottle culture systems within
21 days of culture (Zhang et al., 2017).
There are on-going efforts to use cytokines and small molecules to
improve hematpoietic progenitor expansion and to replace undefined
media components such as FBS and feeder layers. Baek at el. replaced
MSC feeders by addition of Poloxamer 188 (Pluronic F-68) on day 13 of
culture, leading to about 29,000-fold expansion with 95% enucleation
rate (Baek et al., 2009). A purine derivative, StemRegenin 1 (SR1) was
discovered in an unbiased screen in primary human HSCs by Boitano
et al. and has been shown to result in HSC expansion of up to
1.23 × 106-fold (Boitano et al., 2010). Subsequently, Sinamura et al.
identified that melanocortins such as ACTH39, ACTH24 and α-MSH can
induce efficient erythroid expansion with enucleation rates of about
88.9% (Simamura et al., 2015). Table 2 provides a concise summary of
the key findings of in vitro generation of cRBCs from cord blood and
peripheral blood HSPCs.
Based on a 2010 estimate, around 45,000 units of CB donations
were banked worldwide (Foeken et al., 2010). Considering a fold expansion output of 1.73 × 106 and enucleation efficiency of > 90% in
bioreactor cultures, 500 units of cRBCs can theoretically be generated
from a single donation of umbilical CB HSPC (Timmins et al., 2011).
However, cRBCs differentiated from CB HSPCs have been shown to
predominantly express fetal hemoglobin (Baek et al., 2008; Fujimi
et al., 2008; Giarratana et al., 2005; Neildez-Nguyen et al., 2002). Given
that PB HSPCs-derived cRBCs express adult hemoglobin, they might
represent a better source for deriving cRBCs (Giarratana et al., 2005;
Giarratana et al., 2011). The low numbers of circulating HSPCs isolated
from density separation of mononuclear cells in PB can be increased
through mobilization using granulocyte colony-stimulating factor (G-

Reference
(Giarratana et al.,
2011)
(Giarratana et al.,
2011)
(Huang et al., 2014)

Higher resolution spectral karyotype analysis may
improve detection sensitivity
Can be performed by comparative genomic
hybridization and exome sequencing or high
resolution microarray platforms
Thiazole orange positive cells co-staining with
Hoescht negative cells identify reticulocytes while
double negative cells identify enucleated RBCs
HbF expressing cells bind oxygen strongly as
compared with HbA. 2, 3-DPG accumulation and
decrease in pH lowers affinity of adult hemoglobin for
oxygen
Normal G6PDH and PK levels are required to reduce
glutathione and maintain ATP levels to prevent
accumulation of 2,3-DPG

(Giarratana et al.,
2011); (Huang et al.,
2014)
(Huang et al., 2014)
(Garate et al., 2015a)
(Giarratana et al.,
2011)
(Giarratana et al.,
2011); (Huang et al.,
2014)
(Giarratana et al.,
2011)
(Giarratana et al.,
2011)
(Giani et al., 2016)

Intraperitoneal injection of CFSE-labeled cRBCs to
monitor half-life in vivo in NOD-SCID mice and nonhuman primates
Measurement of plasma lactate levels in anemic-SCID
mice following swim-test

(Giarratana et al.,
2011)
(Zhang et al., 2017)
(Shah et al., 2016)

CSF). Most current approaches are neither feasible nor optimized for
large-scale manufacture due to the inconsistencies in cRBCs differentiation, expansion and enucleation. Further validation and optimization would be required to develop optimal bioprocesses for largescale generation of cRBCs (Parco et al., 2013; Timmins et al., 2011).
5.2. Human embryonic stem cells and induced pluripotent stem cells
In recent years, human pluripotent stem cells have been widely
investigated and demonstrated for their potential to generate cells of
mesoderm, endoderm and ectoderm lineages. This field has progressed
fairly quickly and within 10 years, hESCs have already been used for
clinical trials for spinal cord regeneration (Priest et al., 2015) and agerelated macular degenerative disorder (AMD) (Schwartz et al., 2015)
and similarly hPSCs are currently being tested for treatment of AMD,
cardiac repair and Parkinson's disorder (Ilic et al., 2015). Positive safety
and efficacy results emerging from these early clinical studies (Priest
et al., 2015; Schwartz et al., 2015) bear testament for the vast potential
of hPSCs for cellular therapy including their use for generation of RBCs.
Unlike the other sources of cells such as CB or adult PB which are
limited by donor availability, hPSCs, due to their extensive self-renewal
properties represent a potentially unlimited source of cells for RBCs
generation. Furthermore, it's been postulated that as few as 10 hiPSC
clones of the different rare blood sub-types could be sufficient to meet
the transfusion requirements of 99% of the allo-immunized patients
requiring recurrent blood transfusions in France (Lapillonne et al.,
2010).
The earliest indication that hPSCs could be used for RBC generation
was first demonstrated in mouse ES cells by Gordon Keller (Keller et al.,
2121
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Table 2
In vitro cRBC generation from cord blood or peripheral blood HSPCs.
Reference

Cell source

Feeders

Components

Culture period (days)

Cell expansion (fold increase)

Percentage of enucleated cells

(Neildez-Nguyen et al., 2002)

CB

–

–

21

(Giarratana et al., 2005)

CB & PB

mMS-5

–

21

4% in vitro
99% in vivo in NOD/SCID mice
90% in vitro

(Miharada et al., 2006)
(Baek et al., 2008)
(Fujimi et al., 2008)
(Baek et al., 2009)
(Boitano et al., 2010)
(Timmins et al., 2011)

CB
CB
CB
CB
CB
CB

–
MSCs
hMSCs
–
–
–

–
–
–
P188
SR1
–

(Giarratana et al., 2011)
(Jin et al., 2014)

PB (mob)
CB & PB

–
–

–
–

20
21
38
21
35
20
33
18
21

(Simamura et al., 2015)
(Zhang et al., 2017)

CB
CB

–
–

α-MSH
–

17
21

200,000-fold
(95–99%)
CB (up to 1.95 × 106-fold)
PB (up to 1.22 × 105-fold)
5.8 × 105-fold
8000-fold
3.52 × 106-fold
29,000-fold
1.23 × 106-fold
1.73 × 106-fold
2.25 × 108-fold
61,500-fold
CB (up to 6.36 × 105-fold)
PB (up to 8.32 × 104-fold)
–
1.4–2.53 × 108-fold

77.5% in vitro
64% in vitro
99.4% in vitro
95% in vitro
Not reported
> 90% in bioreactor (Not reported)
81% in vitro
Not reported
88.9%
50% in roller bottle culture

Abbreviations: CB, cord blood; hMSC, human mesenchymal stromal cell; mMS-5, murine marrow stromal cell line MS-5; mob, mobilized; MSC, mesenchymal stromal
cell; PB, periphery blood; P188, pluronic F68; SR1, Stemregenin 1; α-MSH, Alpha-melanocyte-stimulating hormone.

highest yields of RBC generation using an EB-based method of differentiation of hPSCs. Lu et al. showed that using defined media components and a 3 week differentiation regime comprising of a 4-day EB
culture, hemangioblast generation and expansion in a semi-solid methylcellulose-based media followed by erythroid differentiation in liquid media, they could generate up to 4 × 1010 RBCs starting from
1 × 107 hES cells (Lu et al., 2008). However, as much as 5-times less
RBCs were generated from different hES lines and even much less with
hiPSC lines suggesting huge variations in differentiation capacity between cell-lines and the need to screen for good differentiating lines.
They were able to achieve up to 66% enucleation with MSC co-culture
and about 30% in a non-co-culture system. Subsequent studies in collaboration with our group described a potential means to scale-up EB
generation by generating them on microcarriers (Lu et al., 2013). More
recently, we have optimized the microcarrier-hiPSC approach by
modulating the Wnt/B-catenin signaling and demonstrated efficient
erythroblast expansion from multiple hiPSC lines (Sivalingam et al.,
2018). While promising, further improvements would be required to
shift the hemangioblast expansion stage from a semi-solid media towards suspension culture in bioreactors. Lapillone et al. have described
a two-stage EB-based differentiation protocol using defined cytokines
and human plasma for differentiation of hiPSCs (Lapillonne et al.,
2010). Here, a 20-day EB stage followed by a further 25 days of suspension culture of RBCs resulted in a close to 440-fold and 3500-fold
increase in erythroid cell generation starting from hiPSCs and hESCs,
respectively. They subsequently reported generation of functionally
mature RBCs expressing mainly fetal and adult hemoglobin and enucleating at efficiencies close to 50% and more importantly highlighted
miR30A inhibition as a potential means to improve enucleation
(Rouzbeh et al., 2015). Whilst this approach appears feasible in smallscale models, scale-up of this method would be challenging due to the
need to derive sufficient numbers of pluripotent stem cells and EBs to
generate RBCs in large quantities. Garate et al. recently reported that
manipulation of mesoderm induction via Wnt, BMP4 and Activin A
followed by cultivation of HSCs could potentially generate up to 20,000
erythroid cells from a single hPSCs within a month (Garate et al.,
2015b). Follow-up studies including the means for scaling-up the EB
stage would be necessary to determine if this method can indeed be
scaled-up in a cost effective manner. More recent work by Olivier et al.
via improvisation of the EB differentiation process as well as with the
use of small molecules have demonstrated the potential to generate up
to 50,000–200,000 erythroid cells from a single O-negative hPSC
(Olivier et al., 2016). This translates to requiring just 10 million hPSCs
to derive 2 × 1012 RBCs (1 unit of blood). However further improvements would be required to improve the low enucleation frequencies of

1993). Thereafter, it was demonstrated that human ES could be coaxed
into the hematopoietic lineage by stepwise differentiation towards
mesoderm lineage, a transitionary hemangioblast or hemogenic endothelial stage followed by hematopoietic specification to generate
HSCs, erythroid myeloid progenitors and committed erythroid cells to
generate RBCs. While there are many different methods and variations
that have been used to demonstrate RBC generation, these can be
broadly categorized as those that involve an intermediate embryoid
body stage for differentiation and those that rely on co-culture with
stromal layers such as murine stromal cell-lines (derived from bone
marrow, fetal liver and aorta-gonad-mesonophros region) and immortalized human cell lines (Dias et al., 2011; Kaufman et al., 2001;
Klimchenko et al., 2009; Vodyanik et al., 2005).
5.2.1. Co-culture mediated RBC differentiation
Early studies by several groups (Dias et al., 2011; Olivier et al.,
2006; Vodyanik et al., 2005; Woods et al., 2011) have all demonstrated
the feasibility of deriving hematopoietic cells using co-culture with celllines. Murine stromal lines such as OP9 and MS5 have been widely used
for erythroid differentiation of hPSCs. Whilst efficient differentiation
has been demonstrated by several groups, there is a knowledge gap in
terms of the underlying mechanisms supporting hematopoietic differentiation. Recent studies by Figueiredo et al. could shed light into important factors secreted by these stromal lines as well as cell-cell contact mediated signaling which could be important for hematopoietic
differentiation (Figueiredo et al., 2015). For instance, the authors discovered that 13 proteins which were highly expressed in OP9 co-culture
are involved in Nrf2/NFE2L2 gene signaling pathways. It would be
interesting to determine if manipulation of these signaling pathways via
small-molecules or cytokines could improve differentiation or even
replace the need for xenogeneic co-culture with OP9 cells.
Large scale RBC generation for clinical applications should ideally
be based on methods with well-defined conditions without requirements for xenogeneic stromal cells or transformed human cells and
those that can be adapted for scale-up to suspension culture bioreactors.
The use of xenogeneic or immortalized cell lines would face strict
regulatory hurdles and as such would require much more stringent biosafety assessment for clinical translation and is impractical in terms of
large-scale manufacture. As compared to co-culture differentiation approaches, EB-based differentiation methods are more suited for scale-up
because they can potentially be adapted to suspension culture under
defined and GMP conditions.
5.2.2. EB and non-co-culture mediated RBC differentiation
Early studies by Advanced Cell Therapeutics reported one of the
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proliferate continuously while maintaining their phenotype (CD71+/
CD235a+) and can be induced to mature.
Kurita et al. developed human iPS cell-derived erythroid progenitor
lines (HiDEP) through the forced expression of TAL-1, a transcription
factor with an essential role in early hematopoiesis, followed by the
expression of HPV16-E6/E7 (Kurita et al., 2013). The same lentiviral
vector containing the Tetracycline (Tet)-inducible expression system for
HPV16-E6/E7 was used to generate human umbilical cord blood-derived erythroid progenitor lines (HUDEP). These lines expressed erythroid-specific markers GATA1, EKLF, GFI1B, TAL1, and EPOR, and
their expression profiles were similar to those of cultured erythroid cells
derived from umbilical cord blood. The authors did not quantify the
percentage of enucleated cells, but showed that they could be detected
from day 7 and day 6 of differentiation for HiDEP and HUDEP lines,
respectively. They also used the gradual decrease in cell size (to < 10
μm in diameter) as an indicator of very mature erythroid cells. The
change was from 20% to 40% and 10% to 50% in HiDEP and HUDEP
lines, respectively.
Hirose et al. established an immortalized erythrocyte progenitor cell
(imERYPC) line through transient activation of c-MYC and BCL-XL in
human pluripotent stem cells under Doxycycline (DOX)-inducible
control (Hirose et al., 2013). Since the genes are expressed in endogenous erythrocyte progenitors, they argued that this reflected the
physiological machinery of cell proliferation along with physiological
characteristics, contributing to safety in clinical application. After
turning the genes off using a DOX-inducible expression system, imERYPC's stopped growing and exhibited dramatic changes in morphology within 7 days, turning from basophilic erythroblasts to mature
polychromatic/orthochromatic erythroblasts with chromatin condensation. Similar results were obtained for lines derived from hiPSCs.
imERYPC's injected intraperitoneally into NOD-SCID mice showed high
rates of enucleated cells in circulation (> 90% at Day 1 post- injection),
suggesting in vivo maturation or the selective circulation of enucleated
and deformable RBCs.
Although these studies showed that obtaining enucleated RBCs from
immortalized erythroblast (imEry) lines was possible, the enucleation
efficiencies reported were still low. Most recently, Trakarnsanga et al.
developed an immortalized line from early adult erythroblasts, representing a cell source which is further differentiated compared to
previous studies (Trakarnsanga et al., 2017). The cells were transduced
with Tet-inducible HPV16-E6/E7 and generated a stable cell line that
upon differentiation yielded up to 30% enucleation efficiency
(Trakarnsanga et al., 2017). These cells expressed alpha and beta hemoglobin at levels detected in adult erythroid cells, while expression of
the fetal gamma hemoglobinwas low. The authors also demonstrated
co-localization of Myosin and F-actin at the point of nuclear extrusion
through immunohistochemistry, confirming what is known that F-actin
and Myosin form a contractile actin ring proximal to the site of nuclear
extrusion (Ji et al., 2008; Konstantinidis et al., 2012; Ubukawa et al.,
2012). This represents a step forward in overcoming the barrier of
generating enucleated erythroblasts.
In a very recent study, we demonstrated bioreactor-scale expansion
of an immortalized erythroid cell-line using media-formulated via design-of-experiment based optimization. More interestingly, we report
that culture depletion of the amino-acids L-Serine, L-Cystine and LMethionine negatively affected expansion of the immortalized cell-line
which was significantly improved upon their supplementation (Lee
et al., 2018). Our study demonstrates the feasibility of scaling up erythroblast expansion in controlled bioreactors, although further refinements to the process would be necessary to achieve high cell densities.

around 10% and the entire process would have to be demonstrated in
scalable manner to show the feasibility of large scale blood generation.
In a bid to scale-up the RBC differentiation, Wang Y et al. have demonstrated an integrated process of expanding aggregate cultures of
hiPSCs and EBs in 1 L spinner flasks and have been able to generate
4 × 109 CD235a + erythrocytes at a density of 4 × 106 cells/mL with
enucleation ranging from 2.8–11% (Ying Wang et al., 2016). A scale-up
to 2 × 1012 RBCs would require 500-lL stirred tank bioreactor. Given
the prohibitive costs and daunting task of scaling up the manufacturing
process of hPSC differentiation towards erythroid cells, there is a need
for more technological advancements that can maximize and economize cell expansion while achieving high culture densities in order for
large scale in vitro differentiation of RBCs to be considered a feasible
approach.
5.3. Recent advancements to hPSC-based RBC differentiation
Besides developing approaches that are feasible for bioprocess scaleup, several groups have also been looking to improve the differentiation
process in order to improve yield of hematopoietic cell generation. For
instance, Nazareth et al. most recently identified novel mechanisms to
enhance blood progenitor production from hPSCs via small-molecules
identified by high-throughput screening of 400 small-molecule kinase
inhibitors. They reported a 3-fold improvement in hematoendothelial
cells generation and subsequent blood colony forming cells via rapamycin mediated inhibition of mammalian target of rapamycin (mTOR)
(Nazareth et al., 2016). Whilst most studies have highlighted ways to
improve RBC generation by optimizing the differentiation stage, Giani
et al. recently reported that the genetic background of cells could yet be
another defining factor for improving RBC generation (Giani et al.,
2016). Through human genetic population studies, they reported that a
loss-of function variant of the SH2B3 gene, a negative regulator of cytokine signaling, was associated with increased RBC counts in vivo.
They demonstrated that a CRISPR-mediated knock-down of the SH2B3
gene in hPSCs resulted in at least a 3- to 5- fold increase in RBC generation with improvements noted in enucleation efficiencies as well.
This simple strategy could be incorporated into existing hES lines and
newly generated hiPSC lines to improve erythroid differentiation.
Garcia et al. more recently screened and elucidated key transcription
factors involved in direct reprogramming of skin fibroblasts towards
induced erythroid progenitors (iEP) with the potential to differentiate
towards hematopoietic cells (Capellera-Garcia et al., 2016). They show
that Gata1, SCL, LMO2 and c-myc are the essential minimal factors
required for differentiating murine and human fibroblasts to iEPs.
While these cells appear to be more similar to primitive erythroid
progenitors derived from the yolk sac, further addition of myB and
KLF1 generated cells with more adult hemoglobin expression, indicative of definitive erythropoiesis. Such findings could be used to
genetically engineer hPSCs and enhance methods for in vitro generation
of RBCs and should bring about overall cost reductions for RBC generation. More recent studies using hiPSC engineered to over-express
transcription factors have highlighted possibilities to generate longterm repopulating CD34 HSCs that were demonstrated to have potential
for engraftment and repopulation in vivo in murine models of engraftment (Sugimura et al., 2017; Tan et al., 2018). Whilst not demonstrated
yet, such strategies may enable the derivation of HSCs with greater
expansion potential in vitro and may improve large-scale generation of
RBCs.
5.4. Genetically modified cell lines for in vitro blood production
Yet another emerging strategy for the in vitro production of RBCs is
the generation of immortalized cell lines from blood precursors.
Multipotent hematopoietic progenitor cells differentiated from hiPSC,
hESC or umbilical cord lines have been transformed with genetic factors
through viral vectors. These immortalized lines have been shown to

6. Challenges of in vitro RBC differentiation
6.1. Primitive versus definitive hematopoiesis for hPSC-based differentiation
While deriving primitive hematopoietic cells appears to be fairly
2123

Biotechnology Advances 36 (2018) 2118–2128

E. Lee et al.

straight forward, generating definitive hematopoietic cells that mimic
the secondary waves of hematopoiesis during development has been
more challenging. Definitive hematopoietic cells are postulated to be
derived from endothelial-to-hematopoietic transition of hemogenic
endothelial cells and have been defined as those having the potential to
differentiate into erythroid-myeloid-lymphoid lineages. The potential
to derive long-term repopulating HSCs from hiPSCs appears to be the
Holy-Grail sought after by many groups as these could have useful
applications for matched HSC transplantation as well as for correcting
hematological disorders. Sturgeon et al. demonstrated that definitive
progenitors could be derived from KDR + CD235a- mesodermal precursors following hiPSC differentiation and that the timing of inhibition
of Activin-Nodal signaling as well as Wnt/β-catenin signaling were
important (Sturgeon et al., 2014). Ng et al. demonstrated differentiation of HOXA+ hemogenic vasculature that resembled those derived
from aorta-gonad-mesonephros region during development (Ng et al.,
2016). They further showed erythroid cells with hemoglobin switch
from epsilon to gamma and zeta to alpha but yet had little beta hemoglobin. Most recently, Sugimura et al. showed that hemogenic endothelium derived cells transduced with RUNX1, ERG, LCOR, HOXA5
and HOXA9 could facilitate engraftment, self-renewal and multi-lineage
differentiation in mice-models of transplantations (Sugimura et al.,
2017). Interestingly, a very recent study showed that transient expression of just a single transcription factor, MLL-AF4, was sufficient to
derive highly engraftable hiPSC-derived HSCs (Tan et al., 2018). Refining protocols for deriving definitive hematopoiesis is still an active
area of research. In theory, hiPSCs derived definitive HSCs should give
rise to definitive erythroblasts that express adult hemoglobin and that
can terminally mature and enucleate efficiently in vitro, issues that have
not been fully resolved with primitive erythroblasts.

hPSCs on microcarrier clusters into cardiac (Lam et al., 2014), neural
(Bardy et al., 2013) and hematopoietic lineages (Lu et al., 2013). Furthermore, efficient expansion and differentiation of hPSCs could be
achieved using defined extracellular matrix proteins such as human
recombinant Laminin521 and serum-free culture conditions making
them amenable for GMP-compatible manufacture in the future. Other
issues, that would have to be addressed for scale-up, would be bioreactor formats to support large-scale hPSC and EB culture as well as
suspension culture of erythroid cells.
6.4. Improving terminal maturation and enucleation
Currently, most of the approaches utilizing hPSCs for RBC differentiation have only been able to derive hematopoietic cells of primitive
hematopoiesis similar to differentiation arising from the yolk-sac during
embryonic development. Inevitably, enucleation efficiencies from hPSC
differentiated RBCs have largely been poor and mostly required coculture with stromal cell lines such as OP9, MS5 and other immortalized cell-lines in order for enucleation to take place. In terms of
bioprocess development on a large-scale basis, co-culture of xenogeneic
stromal lines will not be a feasible option and one would have to develop chemically defined media formulations and methods to induce
efficient enucleation. Studies have shown that receptor mediated interaction between macrophage and/or MSCs and erythroid cells are
responsible for initiating enucleation events in the in vivo setting (de
Back et al., 2014). Interactions between erythroid macrophage peptide
(EMP)(Hanspal and Hanspal, 1994) as well as integrin alpha4-beta1/
vascular cell adhesion molecule 1 (Sadahira et al., 1995) have been
shown to be necessary for terminal erythropoiesis. As such, one strategy
would be to include compounds that mimic these molecules, bind to
receptors on erythroid cells and induce enucleation in vitro. Chromatin
condensation has also been implicated in the late stages leading to
enucleation (Ji, 2015) and thus it could be postulated that molecules
that inhibit histone acetyltransferases (HATs) or activate histone deacetylases (HDACs) could be possible candidates to activate the enucleation cascade. Caspases (Carlile et al., 2004) involved in apoptosis
as well as proteins involved in autophagy (Betin et al., 2013) have also
been shown to be important for the enucleation process and thus may
be possible targets to improve enucleation. Studies comparing the
proteome and transcriptome of adult, cord blood and hiPSC derived
RBCs could also provide important clues as to differences among RBCs
from these different sources. Gene expression studies by MerryweatherClarke et al. have reported aberrant expression of genes involved in
protein degradation, lysosomal clearance and cell-cycle regulation in
hiPSC derived RBCs. More specifically, they reported reduced expression of VCPIP1/p97 which is involved in lysosomal degradation
pathway (Merryweather-Clarke et al., 2016). Trakarnsanga K et al. reported reduced expression of cytoskeletal proteins such as Tubulin β-2A
which may affect cytoskeletal remodeling during the enucleation process (Trakarnsanga et al., 2014a). Thus, it is yet to be established if
indeed hiPSC-derived erythroblasts lack the necessary components for
efficient enucleation and whether complementation of these deficient
proteins via genetic manipulation could in fact improve the levels of
enucleation.

6.2. Expression of adult hemoglobin in hPSC-derived RBCs
Whilst most studies have shown the feasibility to generate erythroid
cells expressing largely embryonic and fetal hemoglobin, there have
only been a handful of studies (Fujita et al., 2016; Lu et al., 2008; Ma
et al., 2008) demonstrating definitive erythropoiesis and adult hemoglobin expression. Key to deriving definitive erythroid cells could lie
in the early signaling cascades being activated. For instance, Gordon
Keller's team have shown that primitive and definitive erythroid cells
could be differentiated on the basis of CD235a and KDR expression
during the early mesoderm stage and that activation of Wnt pathway
and inactivation of Activin A are necessary for deriving definitive erythroid cells (Sturgeon et al., 2014). However, there have been a handful
of studies that have shown that primitive erythroid cells can be made to
express adult hemoglobin by maturing them with stromal co-culture
(Ma et al., 2008) or under defined culture conditions (Lu et al., 2008).
More importantly, it has been shown that overexpression of KLF1 and
BCL11a is sufficient to bring about hemoglobin switching from fetal to
adult (Trakarnsanga et al., 2014b) and these strategies could be incorporated into genetically engineered hPSCs to derive adult hemoglobin expressing RBCs.
6.3. Scale-up of hPSC culture and EB differentiation
Although there are a lot of studies that have described efficient
differentiation of hPSCs into erythroid cells using the EB method, most
of these studies to date have not addressed issues pertaining to scale-up
of hPSC culture and EBs required for large-scale RBCs generation.
Dynamic suspension culture of hPSCs as cell aggregates (Amit et al.,
2011; Lei et al., 2014) and microcarrier clusters (Heng et al., 2012)
have been proposed as possible means for scale-up culture of hPSCs in
bioreactors. Almost all the EB-based differentiation methods described
to date face challenges scaling up the EB generation stage. Our team
have demonstrated that hPSCs cultured in microcarriers can function as
EBs as evident by our studies demonstrating direct differentiation of

6.5. Large-scale bioreactor culture
Large-scale generation of RBCs would require automated and controlled feeding and monitoring regimes to achieve highest yields and
concentrations of cells. At present, there have only been a handful of
studies demonstrating scale-up culture of HSCs or erythroid cells in
bioreactor systems.
Unlike other cell therapies that have been developed for human
applications, RBC cell therapy would be especially challenging because
of the need to derive at least 1 × 1012 cells per transfusion unit per
patient. In terms of bioprocessing, one would have to have a bioreactor
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Fig. 2. Potential operational model for in vitro produced RBCs.
Hub and spoke Go-to-market model where a licensed contract manufacturing organization (CMO) produces and delivers RBC products to existing blood banks which
in turn supply to the healthcare systems.

system capable of maintaining cells at densities of 1 × 108 cells per mL
in order to be feasible for scale-up for large-scale manufacture. Smallscale optimization studies in Ambr™ stirred micro-bioreactors suggest
that the low oxygen consumption rates of erythroblasts should theoretically enable densities in excess of 5 × 108 cells/mL in bioreactors
and that conventional constraints such as mass transfer and metabolic
demands should, in theory, not limit high density production of these
cells (Bayley et al., 2018). Single-use scalable perfusion bioreactor
systems have previously been used for large-scale culture of whole goat
blood at densities approaching 5 × 107 cells/mL (Luanfeng Li et al.,
2009). GMP-compliant perfusion bioreactor systems such as the Applikon BioSep system that utilizes acoustic resonance for cell retention
(capable of processing cells at 1 × 108 cells/mL) and the Repligen
XCell™ ATF system based on hollow fiber filter cartridge are available
from research to industrial scale and may be useful for high density
cultures of RBCs.
One of the major challenges in scaling up RBC culture would be the
extremely high cost required due to the use of expensive cytokines used
in the differentiation stages. The cost involved in RBC generation
starting from hPSCs as the starting cells is predicted to be in the range
of 8000–15,000 USD per transfusion unit (Timmins et al., 2011;
Timmins and Nielsen, 2009; Zeuner et al., 2012). Recently, Zhang Y
et al. demonstrated scale-up of cord blood derived CD34 cells into RBCs
in roller bottles (Zhang et al., 2017). They reported generation of
2.9 × 1011 erythroid cells using 120 lL of medium with a reported
medium cost (excluding cytokines) of $6000. Moving forward, cost
reductions could be attained by starting with hPSC lines with good
hematopoietic differentiation potentials, using small-molecules to replace expensive cytokines at different stages of the differentiation (Lei
et al., 2014), genetic engineering to improve the erythroid differentiation process and yield (Giani et al., 2016) and improved bioreactor
systems to support high density cultures. It is important to note that
significant cost reductions as well as shortened time for erythroid
generation could be attained if the starting cell population was from
adult erythroid progenitor cells instead of hPSCs. Immortalized adult
erythroblasts would bypass the different stages of differentiation that
hPSCs have to go through to derive them and thus significantly cut cost
and time for generation. Furthermore, poor enucleation and lack of
adult hemoglobin expression will no longer be issues given that these
cells are directly derived from adult sources. The major challenge then

would be to derive genetically stable erythroblast lines that are capable
of expanding indefinitely, whilst retaining the ability to terminally
differentiate into mature RBCs.
6.6. Safety concerns of using genetically modified cells
The advent of more precise cell engineering technologies creates
new opportunities for therapy, but regulations on clinical use of these
cells will necessarily be more stringent. The use of hiPSCs, where somatic cells have been transformed with genes to adopt a pluripotent
state, is one close precedent. Dr. Masayo Takahashi's group in at the
RIKEN institute has developed retinal pigment epithelial cells from
hiPSCs cells to treat macular degeneration. Although a first patient was
treated successfully, implantation in a second patient was stalled when
it was found that hiPSCs contained genomic abnormalities (Garber,
2015). For genetically altered lines for in vitro blood production, the
criteria may be no less stringent and include karyotyping, high resolution genomic and transcriptomic array, and tumorigenecity studies
in mice in addition to functional studies. Studies by Kurita et al. and
Trakarnsanga et al. use the HPV16-E6/E7 gene for immortalization.
These genes cause uterocervical cancer and are not normally expressed
in human cells while c-MYC, used by Hirose et al., is associated with
oncogenicity. However, since mature red blood cells have their nuclei
extruded by the process of enucleation, any genetic alterations will not
be present in the final product. Hence, one key step to ensure safety,
similar to other strategies described above, is a process that can ensure
the elimination of non-enucleated cells from the final cell population.
This could be attained by gamma-irradiation to inactivate any remaining nucleated cells and with the use of leukocyte reduction filters
to seperate out enucleated cells from nucleated cells.
7. Future landscape & market entry
7.1. Go-to-market models
There are various Go-to-market models a company can undertake.
One possible approach is to produce these units directly in hospitals.
This is attractive because the proximity to end-users cuts out storage
and transport costs. The ability for hospitals to tailor the rate of production to local needs also reduces wastage. However, not all hospitals
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have the existing infrastructure for production and capital investment
costs may make adoption prohibitively expensive. Tech-transfer to a
large number of centers also increases complexity in standardization,
increasing the probability of error. A more viable distribution method is
the hub-and-spoke approach, where blood units are produced at a
central location and distributed regionally (Fig. 2). Using this approach,
the company can either (i) manufacture units of blood and distribute via
blood banks, (ii) transfer its technology to blood banks, or (iii) function
as a bank, supplying blood units direct to hospitals. Since hospitals
already liaise with blood banks and there may be barriers to entry,
models (i) and (ii), which plugs into existing systems, is a better option.
In such an operational model, a company would provide technology
transfers of formulation and cell lines to a contract manufacturing organization (CMO), who would produce blood units to supply a region.
They would work with blood banks to establish demand, service level
agreements and pricing. The blood banks would receive blood units
produced by the CMO and use its existing networks to distribute to endusers in hospitals. On top of basal production rate that addresses system
shortages such as regular demand from patients at risk of allo-immunization and to buffer emergency O-negative supplies, there should
be a level of emergency stockpile that mitigates shocks. As blood has a
limited shelf life, units can be cryopreserved via an FDA approved
glycerolization process that is commonly used in blood banks to extend
the shelf life of excess units. These frozen units can be rolled out in
times of supply or demand shocks.

methods for modifying and producing red blood cells with another
white peak indicating claims on using RBCs for diagnostic purposes.
Among the relevant patents identified, the largest proportion of
patents claimed methods for in vitro blood production (9 families) and
methods for the functionalization of the RBCs for drug therapy (9 families). Overall, the patent filings relating to in vitro blood production
are relatively small in numbers and suggest that this is still a budding
area open for parties to claim significant IP, and that minimal licensing
may be required for freedom to operate by new entrants. The dearth of
patents may, on the other hand, reflect the lack of commercial interests
in pursuing RBC production as a cellular therapeutic. In 2017, other
companies focusing on blood-based products have been successful at
raising capital. Megakaryon Corporation raised 3700 million yen for the
production of platelets from iPSCs, while Rubius Therapeutics raised
120 million USD to develop functionalized RBCs which can deliver
therapeutics. In the area of in vitro blood production, however, patents
are at this time owned by groups in academia that have not publicly
received significant funding for commercialization.
8. Conclusion
In vitro generation of RBCs has the potential to supplement the
shortfalls in donated blood supply for clinical applications. While CB
and PB sources have been demonstrated to yield efficient expansion of
functional RBCs, recent advancements in differentiation approaches
have also highlighted potential for RBCs generation from immortalized
erythroid progenitors and hiPSCs. While large-scale generation of RBCs
has not yet been a routine feature in cell therapy, technological and
biological advancements could pave the way for cost-effective generation of blood in the future.

7.2. Future landscapes
Fig. 3 provides a visual overview of the intellectual property (IP)
landscape relating to bioengineered red blood cell production using
Thomson Innovation software that employs a proprietary algorithm to
linguistically and thematically analyse the patent publications. Here,
we can see that most patents for bioengineered blood focus on claiming

Fig. 3. IP landscape displaying patent publications relating to bioengineered blood.
This map provides an overview of patent publications, including patents applications and granted patents, relating to red blood cell production. The map depicts the
final cleansed dataset comprising 34 patent family inventions. An initial dataset of 57 patent inventions (with a total of 157 patent filings) was manually reviewed to
exclude irrelevant patent publications. Each dot represents one of the 34 patent publications. Related patent publications are grouped within a contour. The more
patent publications that are associated together the higher the elevation and white peaks represent areas of high patent activity.
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