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Summary

Summary 

Production of cultured red blood cells (cRBCs) hold the promise of being a potentially 
unlimited source of cells that could cover the increasing demand of RBCs for transfusion 
purposes, while having more control on the quality and safety of the cells compared to 
the current donor-dependent system. cRBCs could also be used for novel therapies in 
which cells are used as carriers of therapeutic molecules. Scaling up cRBC manufacture 
is essential to produce the large number of cells needed for such applications. However, 
scaling up the current static culture systems for the production of erythroblasts (RBC 
precursor cells) would be prohibitively labor-intensive, requiring large volumes 
of medium and a high footprint. The work presented in this thesis aims to develop 
solutions to some of the key challenges in the scaling up of cRBC manufacture. 

Stirred tank bioreactors (STRs) are the standard for the large-scale production of 
biopharma therapeutics, including monoclonal antibodies and vaccines. Agitation 
in this type of reactors can reduce the concentration gradients of essential nutrients 
compared to static culture systems such as culture dishes. STRs also offer active control 
of critical operating parameters in the culture, such as dissolved oxygen concentration, 
pH and temperature. We therefore developed a culture protocol for the proliferation 
and differentiation of erythroblasts in STRs (Chapter 2). To define the operating 
conditions that sustain erythroblast proliferation in STRs, the effect of agitation, 
aeration strategy, and dissolved oxygen concentration was evaluated using 0.5 L STRs. 
Using this knowledge, the cultivation process could then be scaled up to 3 L bioreactors.

Erythroblasts lose their replication capacity when transitioning from proliferation 
to differentiation culture conditions. Thus, efficient proliferation of erythroblasts 
is essential to produce the large number of cells required for cRBC manufacture. 
Growing erythroblasts under proliferative conditions is typically performed following 
a repeated-batch cultivation strategy, in which the culture is diluted every 24 hours 
with fresh medium to a fixed lower cell concentration. To reduce culture volumes, 
it is desirable to use higher cell concentrations. However, at increasing cell densities 
we observe a decrease in growth (Chapter 3). The observed growth limitations of 
erythroblast cultures at high cell densities appeared to be caused by depletion of 
low molecular weight nutrients (molecular mass <3 kDa) in the spent medium. We 
quantified consumption rates of amino acids, major contributors to biomass synthesis 
in proliferating mammalian cell cultures. Although the concentration of some amino 
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acids decreases considerably over time, supplementation with additional amino 
acids did not improve growth. Following an untargeted metabolomics approach, we 
identified multiple pathways that indicate an excess of oxidative stress in erythroblast 
proliferation cultures.

Perfusion proved to be a successful alternative cultivation strategy to overcome 
growth limitations due to depletion of nutrient components (Chapter 3). Increasing 
the maximum cell concentration in erythroblast cultures leads to an increase in the 
volumetric productivity (number of cells produced per reactor volume per culture 
time), which decreases the reactor volume needed to produce the same amount of 
cRBCs. However, large volumes of medium would still be required to sustain those 
cultures. Currently, the cost of culture medium for erythroid cultures makes cRBC 
manufacture economically unfeasible. Growth factors and proteins added to the 
medium are major contributors to the cost of the medium. Holotransferrin, an iron-
carrying protein, is the main cost driver in erythroblast differentiation medium. We 
show that holotransferrin in erythroblast cultures can be replaced by a GMP-compatible 
iron chelator (deferiprone; Def), bound to ferric ion (Def3∙Fe3+; Chapter 4). Addition 
of Def3∙Fe3+ to the culture medium resulted in similar final cRBC yields of cRBCs 
during proliferation and differentiation of erythroblast cultures compared to optimal 
holotransferrin concentrations. During differentiation, Def3∙Fe3+ fully supported 
enucleation and hemoglobinization. We did not observe toxic effects of Def3∙Fe3+.

Finally, the main conclusions of this thesis are discussed, providing also an overview 
of the next developments that are required to make the production of cRBCs at large 
scale technically and economically feasible (Chapter 5). A multidisciplinary approach 
is needed to further reduce media cost, optimize medium composition to improve cell 
yields, and to improve the bioreactor culture system developed in this work.
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Samenvatting

Productie van gekweekte rode bloedcellen (cRBC's) belooft een schier onbeperkte bron 
van cellen om de toenemende vraag naar RBC's voor transfusiedoeleinden te kunnen 
dekken, met meer controle over de kwaliteit en veiligheid van het transfusieproduct 
in vergelijking met het huidige donor afhankelijke systeem. cRBC's kunnen ook 
worden gebruikt voor nieuwe therapieën waarbij therapeutische moleculen aan RBC 
worden gekoppeld, of in RBC tot expressie komen. Opschaling van de productie 
van cRBC's is urgent  om het grote aantal cellen te produceren voor dergelijke 
toepassingen. Het opschalen van statische kweeksystemen voor de productie van 
erytroblasten (voorlopercellen van RBC's) zou echter te arbeidsintensief zijn, waarbij 
grote hoeveelheden medium en veel ruimte vereist zouden zijn. Het onderzoek dat 
in dit proefschrift wordt gepresenteerd, heeft tot doel om efficiente oplossingen te 
ontwikkelen voor enkele van de uitdagingen van een grootschalige productie van 
cRBC's. 

Geroerde tank-bioreactoren (STR's) zijn de standaard voor grootschalige productie 
van biologische farmaceutica, waaronder monoklonale antilichamen en vaccins. 
Door te roeren in dit soort reactoren worden de concentratiegradiënten van 
essentiële nutrienten verminderd in vergelijking met statische kweeksysteem zoals 
kweekschalen. STR's bieden ook actieve controle over kritieke bedrijfsparameters in 
de celproductie, zoals de concentratie van opgeloste zuurstof, pH en temperatuur.  We 
hebben daarom een kweekprotocol ontwikkeld voor de proliferatie en differentiatie 
van erytroblasten in STR's (Hoofdstuk 2). Om de operatiecondities te definiëren die 
de proliferatie van erytroblasten in STR’s het best bevorderen, werd het effect van 
roeren, beluchtingsstrategie en concentratie van opgeloste zuurstof geëvalueerd in 
STR's van 0,5 liter. Het kweekproces kon vervolgens worden opgeschaald naar 3 liter 
bioreactoren.

Erytroblasten verliezen hun vermogen om zich te blijven vermeerderen wanneer ze 
overgaan van een proliferatie modus naar een differentiatie modus. Daarom is efficiënte 
proliferatie van erytroblasten essentieel om het grote aantal cellen te produceren dat 
nodig is voor de productie van  cRBC's. Het opkweken van erytroblasten onder proli-
feratie condities wordt meestal uitgevoerd volgens een repeated -batchkweekstrategie, 
waarbij de celkweek iedere 24 uur wordt verdund met vers medium tot een vaste 

Samenvatting
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lagere celdichtheid. Bij hogere celdichtheden zagen we een afname van de groei  
(Hoofdstuk 3). De waargenomen groeibeperkingen van erytroblastculturen bij hogere 
celdichtheid bleken veroorzaakt door uitputting van laag moleculaire voedingsstoffen 
(molmassa <3 kDa) van gebruikt medium. Aminozuren leveren een belangrijke bijdrage 
aan de synthese van biomassa in prolifererende zoogdiercelculturen. Kwantificering 
van aminozuren in het medium, en in de cellen van liet zien dat de concentratie van 
sommige aminozuren aanzienlijk afneemt in de loop van de tijd. Echter, de proliferatie 
van erythroblasten verbeterde niet door aanvulling met extra aminozuren. Met 
behulp van een niet-gerichte metabolomics-benadering hebben we meerdere paden 
geïdentificeerd die wijzen op een overmaat aan oxidatieve stress in proliferatieculturen 
van erytroblasten. 

Perfusie bleek een succesvolle alternatieve kweekstrategie te zijn om groeibeperkingen 
door uitputting van mediumcomponenten te overwinnen (Hoofdstuk 3). Het verhogen 
van de maximale celconcentratie in erytroblastculturen leidt tot een toename van de 
volumetrische productiviteit (aantal geproduceerde cellen per reactievolumeeenheid 
per kweektijd), waardoor het benodigde reactorvolume voor dezelfde productie van 
cRBC's, afneemt. Hierdoor zijn echter nog steeds grote hoeveelheden medium nodig. 
De kosten van het kweekmedium voor erytroïde culturen maken de productie van 
cRBC’s momenteel nog economisch onhaalbaar. Groeifactoren en eiwitten die aan 
het medium worden toegevoegd, zijn belangrijke oorzaken voor de hoge kosten van 
het medium. Holotransferrine, een ijzerdragend eiwit, is de belangrijkste kostenpost 
in differentiatiemedium. We laten zien dat holotransferrine in erytroblastculturen 
vervangen kan worden door een klinisch toepasbare ijzerchelator, deferiprone, 
gebonden aan Fe3+ (Def3∙Fe3+; Hoofdstuk 4). Toevoeging van holotransferrine of  
Def3∙Fe3+ aan het kweekmedium resulteerde in vergelijkbare eindopbrengsten van 
cRBC's tijdens proliferatie en differentiatie van erytroblastculturen in vergelijking 
met optimale concentraties van holotransferrine. Tijdens differentiatie ondersteunde 
Def3∙Fe3+ volledige enucleatie en hemoglobinisatie. We hebben geen toxische effecten 
van Def3∙Fe3+ waargenomen.

Ten slotte bediscussieer ik de belangrijkste conclusies van dit proefschrift en geef 
ik een vooruitblik naar de volgende ontwikkelingen om de productie van cRBC's 
technisch en economisch haalbaar te maken (Hoofdstuk 5). Een multidisciplinaire 
aanpak is nodig om de kosten van het medium verder te verlagen, de samenstelling 
van het medium te optimaliseren om celopbrengsten te verbeteren, en het ontwikkelde 
bioreactorkweeksysteem verder te verbeteren.
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Resumen

Resumen

La transfusión de eritrocitos o glóbulos rojos (RBCs, por sus siglas en inglés) es la 
terapia celular más usada actualmente en aplicaciones clínicas. La producción de 
glóbulos rojos cultivados (cRBCs) tiene el potencial de ser una fuente ilimitada de 
células que podría complementar el sistema actual 100% dependiente de donantes. De 
esta manera, podría cubrir la creciente demanda de glóbulos rojos para transfusión, a 
la vez que haría posible controlar la calidad y la seguridad del producto final. El uso de 
cRBCs en aplicaciones clínicas requiere sistemas de producción que sean capaces de 
generar la gran cantidad de células que son necesarias para transfusiones. Sin embargo, 
los sistemas actuales desarrollados para el cultivo de eritroblastos (células precursoras 
de los glóbulos rojos) son en su mayoría en 2D, y para los cuales son necesarios grandes 
volúmenes de medio de cultivo, extensas áreas de cultivo, y altos costos de mano de 
obra. Esta tesis tiene como objetivo proponer soluciones a algunos de los retos más 
relevantes para escalar la producción de cRBCs. 

Los biorreactores de tanque agitado se utilizan con frecuencia en la producción a gran 
escala de productos biofarmacéuticos, como anticuerpos monoclonales y vacunas. La 
agitación en este tipo de reactores ayuda a reducir la magnitud de los gradientes de 
concentración de nutrientes esenciales para las células, generando condiciones más 
homogéneas comparadas con sistemas de cultivo estáticos como placas de Petri. Los 
biorreactores de tanque agitado también permiten el control de parámetros críticos, 
como la concentración de oxígeno disuelto, el pH y la temperatura. En esta tesis 
se ha desarrollado un protocolo de cultivo para la proliferación y diferenciación de 
eritroblastos en biorreactores de tanque agitado (Capítulo 2). Los efectos de la agitación, 
la estrategia de aireación, y la concentración de oxígeno disuelto fueron evaluados para 
definir condiciones de operación de biorreactores de 0.5 litros que permiten obtener 
una proliferación y diferenciación eficiente de eritroblastos. El proceso de cultivo fue 
escalado a biorreactores de 3 litros usando esta información.

Los eritroblastos pierden su capacidad de replicación en la transición entre las fases 
de proliferación y diferenciación. Por lo tanto, el desarrollo de un sistema eficiente 
de proliferación de eritroblastos es fundamental para poder producir el gran número 
de glóbulos rojos necesarios para una transfusión. Los cultivos de eritroblastos 
en condiciones proliferativas suelen realizarse siguiendo una estrategia de cultivo 
por lotes repetidos. A estos cultivos se añade medio fresco al cultivo cada 24 horas, 
reabasteciendo los nutrientes que han sido consumidos, diluyendo subproductos 
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metabólicos potencialmente inhibidores, y reduciendo la concentración de células 
a un valor predefinido. Para reducir los volúmenes de cultivo es conveniente usar 
concentraciones de células más altas en el proceso. Sin embargo, durante este proyecto 
se observó que concentraciones altas de células llevan a tasas de replicación más 
bajas en la fase de proliferación (Capítulo 3). Estas limitaciones de replicación en 
cultivos de eritroblastos a concentraciones celulares elevadas parecen ser causadas 
por la reducción en la concentración de nutrientes de bajo peso molecular (masa  
molecuar <3 kDa). Las tasas de consumo de aminoácidos, los cuales contribuyen en 
gran proporción a la síntesis de biomasas en cultivos de células animales, fueron 
determinadas para eritroblastos en proliferación. Aunque la concentración de algunos 
aminoácidos disminuye de manera considerable durante el cultivo, suplementar el 
medio con dichos aminoácidos no mejoró la tasa de replicación celular. Siguiendo un 
enfoque metabolómico no dirigido fue posible identificar varias rutas metabólicas que 
indican un exceso de estrés oxidativo en cultivos de proliferación de eritroblastos. 

La perfusión demostró ser una estrategia de cultivo alternativa que permite superar las 
limitaciones de crecimiento causadas por el agotamiento de nutrientes (Capítulo 3). El 
aumento de la concentración celular máxima en los cultivos de eritroblastos conduce 
a un incremento de la productividad volumétrica del proceso (número de células 
producidas por unidad de volumen de reactor por unidad tiempo de cultivo), lo que 
disminuye el volumen necesario del reactor para producir la misma cantidad de cRBCs. 
Sin embargo, seguirían siendo necesarios grandes volúmenes de medio para mantener 
esos cultivos. Actualmente, el costo del medio para los cultivos eritroides hace que 
la producción de cRBCs sea económicamente inviable. Los factores de crecimiento y 
otras proteínas añadidas al medio contribuyen en gran medida al costo del mismo. La 
holotransferrina, una proteína portadora de hierro, es el principal factor que eleva el 
costo del medio utilizado durante la fase de diferenciación. Se ha demostrado que la 
holotransferrina en los cultivos de eritroblastos puede sustituirse por un quelante de 
hierro (deferiprona; Def) unido al ion férrico (Def3∙Fe3+; Capítulo 4). Este quelante es 
compatible con buenas prácticas de fabricación, un prerrequisito para la producción 
de cRBCs que puedan ser usados en transfusiones. La adición de Def3∙Fe3+ al medio 
de cultivo llevó a niveles de producción de células durante cultivos eritroides de 
proliferación y diferenciación similares a los que se obtienen cuando concentraciones 
óptimas de holotransferrina son usadas. Durante la diferenciación, células enucleadas 
y completamente hemoglobinizadas fueron producidas cuando Def3∙Fe3+ se usaba en 
el medio de diferenciación. No fue observado ningún efecto tóxico causado por la 
suplementación de Def3∙Fe3+.

Por último, las principales conclusiones de esta tesis son discutidas, proporcionando 
también una visión general de los desarrollos que aún son necesarios para que la 
producción de cRBCs a gran escala sea técnica y económicamente viable (Capítulo 
5). Se necesitará un enfoque multidisciplinar para reducir aún más el costo del medio, 
optimizar su composición para mejorar el rendimiento celular, y para mejorar el sistema 
de cultivo en biorreactores de tanque agitado desarrollado en este proyecto.
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Chapter 1

Erythrocytes or red blood cells (RBCs) are the most abundant cell type in the human 
body, representing around 84% of the total number of cells of an adult (2.0-2.5×1013 
RBCs) [1]. RBCs deliver oxygen and remove carbon dioxide from tissues. Human RBCs 
have an average lifespan of about 115-125 days, which translates to a mean production 
rate of 1.8-2.5×106 RBCs per second [2–4]. Disturbances like an imbalance in the RBC 
turnover, RBCs with reduced oxygen transport capacity, or the sudden loss of blood 
can lead to insufficient oxygenation levels, and subsequent tissue and organ damage. 

Blood transfusion is the most used cell therapy. In 2018, 118.5 million blood donations 
were collected globally. However, availability of blood products is not uniformly 
distributed, with only 27.5% of global blood donations being collected in low- and 
lower-middle income countries, which on the other hand represent 48.4% of the world’s 
population [5]. Also in high-income countries, blood shortages are expected to be more 
frequent in the upcoming years due to an aging population that has an increasing 
demand for blood transfusion, while the potential donor population is expected 
to decrease [6–9]. New therapies, such as using RBCs as carriers for targeted drug 
delivery, may further increase RBC demand [10]. The deficit is aggravated for patients 
that have been alloimmunized against RBC antigens, as is commonly the case for those 
who receive frequent RBC transfusions, such as sickle cell disease patients [11–14].

In 2018, 724 000 donations were collected in the Netherlands, of which 403 900 RBC 
concentrates were obtained and supplied for erythrocyte transfusion purposes 
[15]. Improved management of surgical procedures combined with a customized 
transfusion management reduced the need for donor blood over the last years in The 
Netherlands. Continuous donor recruitment, however, remains crucial. Globalization 
and an increasing multiculturalism are additional societal factors that lead to the need 
of having a broad donor base to ensure a safe transfusion practice. The expression 
frequency of antigens that are part of more than 35 known blood group systems is 
associated with ethnicity [16]. In a multiethnic society the complexity of co-expressed 
antigens augments, and it becomes increasingly difficult to find matching blood for 
patients that depend on regular transfusions [17,18].

Production of cultured red blood cells (cRBCs) from stem cells has been proposed as 
a means to tackle these and other challenges of the current fully donor-dependent 
system, such as the inherent difficulties of screening for novel bloodborne diseases, or 
the demand for transfusion units with fully matched blood group for patients that have 
developed alloimmunization, or with rare blood groups [19,20]. cRBC manufacture 
methods are based on ex vivo erythroid cultures that mimic the RBC production process 

1.1. Current transfusion practice and challenges
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that takes place in the body, also known as erythropoiesis. Ex vivo erythroid culture 
protocols were initially developed to better understand the mechanisms driving the 
commitment to the erythroid lineage, the morphological changes through terminal 
differentiation, and the role of growth factors in the erythroid differentiation process, 
which can be difficult to study with detail in human subjects or in animal models. In 
addition to its potential for research purposes, production of cRBC at scale represents 
a potentially unlimited source of RBCs for transfusion purposes, with more control on 
the quality and safety of the final product. In addition to their use for blood transfusions, 
cRBCs could also be employed as carriers of biologically active compounds, such as 
enzymes [21–24], encapsulated drugs [25,26], or biosensors [27].

1.2. In vivo erythropoiesis 
All blood cells, including red blood cells (erythrocytes), white blood cells (leukocytes), 
and platelets (thrombocytes), are derived from hematopoietic stem cells (HSC). This 
process, also known as hematopoiesis, is classically modelled in a hierarchical manner 
with the HSC as initial state, and with each differentiation stage restricting the number 
of lineages into which a cell can commit (Figure 1). Although in vivo hematopoiesis has 
been extensively studied in healthy human patients and in patients with blood disorders 
(e.g. anemia), ex vivo cultures have broadened the knowledge on the mechanisms 
behind HSC differentiation.

Figure 1. 
(See caption on next page)
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For the case of red blood cell production (erythropoiesis; Figure 2), the first step is the 
differentiation of HSC into a multipotent progenitor cell (MPP), which can still give rise 
to any blood cell, but have less self-renewal capacity than HSC. MPP can then commit 
into the lymphoid or myeloid lineages, by differentiating into common lymphoid 
progenitors (CLP) or common myeloid progenitor (CMP) cells, respectively. CMPs can 
then differentiate further to granulocyte macrophage progenitors (GMP), which can 
generate granulocytes and monocytes, or to megakaryocyte-erythroid progenitor cells 
(MEP), which will ultimately lead to the production of RBCs or of platelets. Along 
this first stage from HSC to MEP, cells display a decrease in the expression of the 
transmembrane protein CD34.

Commitment of MEP to the erythroid lineage leads to the first erythroid precursor 
cells, also known as proerythroblasts. Proerythroblasts have an average diameter of 
12-20 µm, a large nuclei and open chromatin, and are characterized by low expression 
levels of glycophorin A (GYPA or CD235a) and high levels of transferrin receptor 
1 (TfR1, or CD71) and integrin alpha 4 (CD49d) in their surface. Proerythroblasts 
differentiate further into basophilic, polychromatophilic, and orthochromatic 
erythroblasts, successively. Through this process, also known as terminal erythroid 
differentiation, big morphological changes take place: decrease in cell size, increase in 
chromatin condensation, and gradual clearance of organelles including ribosomes and 
mitochondria. This is accompanied by an accumulation of hemoglobin, a decrease in 
cytoplasmic RNA levels, increase in CD235 expression and gradual loss of CD49d from 
the cell surface.

Orthochromatic erythroblasts subsequently expel their nuclei, resulting in enucleated 
reticulocytes, and pyrenocytes (nuclei wrapped in cell membrane). Pyrenocytes are 
cleared by macrophages present in the bone marrow, while reticulocytes enter the blood 
stream, where maturation into erythrocytes takes place. In this last stage, clearing of 
residual organelles and remaining RNA continues, CD71 expression is lost, and further 
remodeling of the cell membrane takes place, leading to flexible biconcave RBCs [30].

Figure 1. Hematopoietic differentiation model. Hematopoietic stem cells (HSC) differentiate 
into multipotent progenitor cells (MPP), which then give rise to red blood cells (RBC) or 
erythrocytes, platelets or thrombocytes, and all white blood cells (including macrophages, 
lymphocytes, neutrophils, eosinophils, basophils, monocytes, and mast cells). Although 
hematopoietic differentiation was classically described as a tree-like hierarchy in which 
HSC differentiate into a discrete number of lineage-restricted progenitor cells, recent studies 
propose a continuum differentiation model that consider the heterogeneity in the progenitor 
cell population and the ability of those cells to differentiate into multiple lineages [28,29]. 
Erythropoiesis (production of red blood cells) is depicted in the most left arm of this scheme.
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Distinguishing between the different stages of terminal erythroid differentiation, 
from proerythroblasts to reticulocytes, can be performed using microscope staining 
techniques targeting hemoglobin, DNA and RNA (e.g. May Grunwald-Giemsa and 
benzidine stain), or by flow cytometry using DNA dyes (e.g. DRAQ5, or propidium 
iodide PI) and measuring the expression level of the surface markers CD71, CD235a 
and C49d.    

Figure 2. Differentiation of hematopoietic stem cells to erythrocytes. Red blood cell 
production (erythropoiesis) is a complex multistep process in which hematopoietic stem cells 
(HSC) differentiate into mature erythrocytes. The first step of this process is the differentiation 
of HSC into common myeloid progenitor cells (CMP), which can differentiate into erythrocytes, 
megakaryocytes, and myeloblasts. Further commitment to the erythroid lineage gives rise to 
megakaryocyte-erythroid progenitor cells (MEP), which can develop into cells fully committed 
to the erythroid lineage (proerythroblasts). Proerythroblasts follow a terminal differentiation 
process towards basophilic (BasoE), polychromatophilic (PolyE), and orthochromatic (OrthoE) 
erythroblasts. During this differentiation process, erythroblasts display a reduction in proliferative 
capacity, decrease in cell size, increasing hemoglobin content, and chromatic condensation. The 
erythroblast differentiation process culminates with the egression of the nuclei, giving rise 
to reticulocytes (Retic) and pyrenocytes (expelled nuclei surrounded by plasma membrane). 
Reticulocytes complete the maturation process in the bloodstream. The different cellular stages 
of erythropoiesis can be identified by the expression profile of surface proteins, such as CD34, 
CD235a, CD71 and CD49d. DRAQ5, a DNA-binding dye, can be used to distinguish between 
reticulocytes and nucleated cells.
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1.2.1. The bone marrow microenvironment  
In vivo erythropoiesis in adult humans takes place in the bone marrow, particularly 
in trabecular bone, comprising a wide variety of supportive stromal cells [31]. 
These stromal cells create distinct niches in the bone marrow. The high degree of 
vascularization in the bone marrow ensures the availability of oxygen- and nutrient-
rich blood to the cells residing in the bone marrow microenvironment (BMM), the 
exchange and transport of growth factors, and the removal of waste products. Different 
stages of the erythroid development take place in specific niches in the BMM. In 
general, the mostly quiescent stem cells are thought to reside in low oxygen niches 
close to osteoblasts, while actively dividing progenitors often develop in close contact 
with mesenchymal stromal cells and perivascular cells [32]. The final differentiation 
of erythroblasts to reticulocytes occurs in macrophage islands located close to blood 
vessels [33]. 

1.2.2. Growth factors during erythropoiesis 
A key regulator of erythropoiesis is erythropoietin (Epo), a hormone produced in the 
kidney and liver, that upon binding to its cognate receptor (EpoR) triggers intracellular 
signal transduction pathways that ensure survival of the immature erythroid cells 
[34]. Mouse embryos lacking Epo or the EpoR die around day E13 with a complete 
lack of definitive erythrocytes [35,36]. Epo production is controlled by oxygenation 
of the kidney and is increased by low-oxygen levels (hypoxia) or anemia. Under 
these conditions, Epo serum concentration increases, stimulating the survival and 
proliferation of erythroblasts, leading to an increase in the production rate of RBCs [37]. 

Stem cell factor (SCF, Steel factor) is also crucial for erythropoiesis. Mice deficient in 
SCF or its receptor cKit are born with severe anemia [38,39]. Importantly, Steel-dickie 
mice, that produce only soluble SCF because they lack the SCF transmembrane domain, 
are also anemic [40]. Thus, in vivo erythropoiesis is dependent on direct interaction 
with cells that express membrane-bound SCF. Binding of SCF to the tyrosine kinase 
receptor c-Kit induces a cascade of intracellular signaling pathways that promote 
cell growth, delay differentiation, and support survival of erythroid progenitor and 
precursor cells.

Under acute situations in which the in vivo steady state erythroid output is insufficient 
(for example, due to rapid blood loss, and inflammation caused by infections or tissue 
damage), an increase in RBC production is required to compensate the anemia. This 
process, known as stress erythropoiesis, requires glucocorticoids. These lipophilic 
steroid hormones mediate the increase in the proliferation of erythroid progenitor cells 
during stress erythropoiesis in vivo [41].
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1.2.3. Iron requirements during erythropoiesis
Efficient hemoglobin synthesis during terminal differentiation is required to produce 
functional cRBCs that can transport oxygen comparable to native RBCs. A single RBC 
contains around 300 million hemoglobin molecules, representing 30-35% of the dry 
weight of the cell. Hemoglobin is comprised of four globin sub-units, each with a 
single iron-containing heme group. Iron uptake by developing erythroid cells is mainly 
enabled by transferrin. Iron-loaded transferrin (holo-transferrin), produced in vivo 
by hepatocytes, is internalized into the cell upon binding to the transferrin receptor 
TfR. Iron is then released and used for heme and ferritin synthesis, while iron-free 
transferrin (apo-transferrin) and the TfR transfer back to the cell surface.

1.3. Ex vivo production of cRBCs

1.3.1. Cell sources
Several cell sources can be used for ex vivo erythroid cultures, including primary cells 
(i.e. derived from living tissue) and immortalized cell lines. Currently, growth of large 
number of cRBCs works best from primary cell sources. Cord blood [42,43], peripheral 
blood [44], and bone marrow cells [45,46] are often used as source of primary cells, 
which can be cultured and committed to the erythroid lineage. Peripheral blood 
mononuclear cells (PBMCs) can be separated from other blood components including 
erythrocytes, granulocytes, and plasma by density centrifugation. PBMCs mainly 
consist of monocytes and lymphocytes, but they also contain a small fraction (~0.17%) of 
circulating stem cells, characterized by expression of the CD34+ marker protein on the 
cell surface, that can differentiate into erythroid cells [47]. Using the entire peripheral 
blood mononuclear cells as starting material leads to higher cRBC yields compared to 
using a pure CD34+ population as single cell source, due to the positive contribution of 
CD14+ monocytes/macrophages present in the PBMC pool that produce soluble factors 
supporting stem cell survival [48,49].

The main advantage of immortalized cell lines as source for cRBC production is the 
unlimited availability of extremely rare blood group profiles [20]. The currently 
most promising immortalized cell lines are, firstly, those immortalized by conditional 
expression of the HPV (human papilloma virus) E6/E7 genes. These include HUDEP, 
HiDEP and BEL-A lines. These cell lines can generate enucleated reticulocytes, but 
the inhibition of tumor suppressor genes increases the risk of genetic instability 
and functionally impaired reticulocytes [50–52]. The second type of cell lines are 
induced pluripotent stem cells (iPSC). The differentiation of iPSC to embryoid bodies, 
and subsequently to hematopoietic organoids mimics embryogenesis. Mostly, these 
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cultures yield large, nucleated, primitive red blood cells with embryonic hemoglobin 
(HbE) that are not suitable for transfusion purposes [53,54]. However, progress is being 
made to achieve definitive erythropoiesis yielding enucleated reticulocytes with fetal 
hemoglobin (HbF).

1.3.2. Current erythroid culture methods

Due to the distinct growth factor requirements of each erythroid development stage, 
protocols for ex vivo erythroid cultures are often divided in two to four stages, with 
differences in medium composition, concentration of growth factors, and medium 
refreshment regimes. Control of the transition between erythroblast proliferation 
and differentiation stages is essential to produce the large amounts of erythroblasts 
required for efficient cRBC production. Suboptimal culture conditions may result 
in the spontaneous differentiation of proerythroblasts, which leads to a loss in the 
proliferation potential of the culture, limiting the production of the large number of 
cRBCs required for transfusion purposes [55]. 

Typically, protocols contain an initial expansion phase in which proliferation of the 
hematopoietic stem cells and the commitment to the erythroid lineage take place in 
presence of factors that support the stem cell (IL3, SCF, sometimes TPO, IL6, FLT3) and 
the emerging erythroid cells (Epo, SCF) (Supplementary Table S1). This is followed by a 
stage of extensive proliferation of the erythroid progenitor and precursor cells. During 
this stage, cells are reseeded periodically, or when the cell concentration in the culture 
exceeds a certain limit (e.g. 1-2×106 cells/mL). As the cooperative activity of Epo, SCF and 
glucocorticoids is required for the extensive proliferation of erythroid precursor cells, 
these factors are added with every medium refreshment. Finally, for the differentiation 
of the cultured erythroblasts, SCF and glucocorticoids are removed from the medium. 
In this stage, medium is often supplemented with a higher Epo concentration compared 
to the expansion stages. Serum or plasma, and insulin-like growth factor (IGF-1 or IGF-
2) are also included. Extra iron-loaded transferrin can also be added to support the 
massive production of hemoglobin during terminal differentiation. In some protocols, 
an extra culture stage to enhance enucleation efficiency is performed.    

A 3-stage protocol was used for the first clinical trial in which cRBCs were transfused 
to a patient [56]. In this study, hydrocortisone was used in the first 7 days of culture 
together with SCF, Epo and IL-2. This was followed by a short second stage of 4 days 
only using SCF and Epo. The majority of the cell number fold increase was observed in 
the last stage, in presence of Epo alone, lasting 7 days. An overall 61 500-fold increase 
in cell numbers and high enucleation efficiency (80%) was reached, allowing to produce 
1-2 mL of packed cRBCs using only 106 CD34+ cells (derived from peripheral blood) as 
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starting material. The produced cRBCs displayed similar oxygen equilibrium curves, 
hemoglobin content and deformability as peripheral blood RBCs. Similar 3-stage 
protocols, omitting addition of glucocorticoids, have been used to produce larger 
numbers of cRBCs: 3×106 cells (~5 mL of packed cRBCs) after >104 cell number fold 
change [57], and >1011 cRBCs (~10 mL of packed cells) after >105 fold change using a 
GMP-compatible protocol [58].

Recently, another GMP-compatible 3-stage culture protocol using PBMCs as cell 
source was reported, with high yields (107-fold erythroblast proliferation level) and 
high enucleation efficiencies (>90%) [55]. The first stage of this protocol starts with the 
culture of PBMCs in the presence of Epo, SCF, dexamethasone (Dex) and interleukin 3 
(IL3), committing them to erythroid lineage and leading to a proerythroblast-enriched 
population after 7 days. In the second stage, also known as main expansion phase, 
proerythroblasts are cultured with Epo, SCF and Dex for up to 21 days, during which 
cells proliferate massively. Synchronous terminal differentiation of the proliferating 
erythroblasts is triggered by the removal of SCF and Dex from the medium, the 
increase of Epo concentrations, and supplementation with human plasma. During this 
last stage, taking 10-12 days, erythroblasts mature into enucleated reticulocytes that 
functionally resembled RBCs isolated from peripheral blood in terms of hemoglobin 
content, deformability, and oxygen binding capacity.

1.3.3. Current media compositions for erythroid cultures

First erythroid culture protocols used culture medium supplemented with serum 
as source of hormones, growth factors, vitamins, and extra nutrients. As serum 
composition is poorly defined and is subject to significant batch-to-batch variations, 
serum replacements are needed for production of cRBCs that could be used for medical 
purposes. The pioneer work of Iscove et al. and Migliaccio et al. led to the formulation 
of serum-free culture medium that can support erythroblast proliferation, in which 
serum was replaced by a combination of Epo, albumin, cholesterol, holotransferrin, 
insulin, nucleosides, trace elements, and sodium pyruvate [59,60]. However, plasma is 
still often supplemented during erythroblast differentiation and terminal reticulocyte 
maturation due to its observed positive effect on enucleation levels and reticulocyte 
stability [55,61].

Although chemically defined medium represents an important step towards the 
production of cRBCs for clinical applications, high medium costs still render this 
process economically unfeasible. Cost analysis of cRBC production performed by 
Timmins et al. considering the typical cell densities reached in erythroid cultures 
(<5×106 cells/mL) and media costs alone (specifically, only the contribution of the most 
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1.4. Culture systems for cRBC production

A single transfusion unit of packed RBCs contains ~2×1012 cells in a volume of 250-
300 mL1 [45]. In 2009, Timmins et al. estimated that the production of a single cRBCs 
transfusion unit would need 660 L of medium, using the typical cell concentrations 
reported for suspension erythroid cultures [66]. These large medium requirements are 
evident from the first proof-of-principle human transfusion of cRBCs, in which 13 L of 
medium were required to produce 1×1010 enucleated cells (0.5% of a total transfusion 
unit), equivalent to 2600 L of media for a full transfusion unit [56]. Although larger 
numbers of cRBCs have been produced using more efficient erythroid culture protocols 
(Griffiths et al.: 24 L for 5 mL of packed RBCs [57]; Kupzig et al.: >25 L for 10 mL of 
packed RBCs [58]), large medium volumes would still be needed (600-1400 L for a single 
transfusion unit). Thus, the development of efficient and scalable culture systems is 
required for the large-scale production of cRBCs. 

1.4.1. Static suspension culture approaches

Most erythroid culture protocols described in literature are performed in static culture 
dishes or flasks. Due to the low cost and effort required to set up this type of systems, 
static cell cultures have been traditionally used as the main research model to study 
mammalian cell physiology. As hematopoietic cells are non-adhesive, cultures are 
performed in suspension without the need for a cell detachment method (e.g. trypsin 
treatment) for cell passaging. This reduces the amount of work required to maintain 
such cultures compared to adherent cell lines, such as fibroblasts.

1 This value can be derived from the volume (250-300 mL) and hematocrit (percentage of the 
total volume occupied by RBCs; 55-80%) of a transfusion unit of packed RBCs, and the mean 
corpuscular volume of erythrocytes (80-100 fL per cell).

expensive supplements: Epo, SCF, albumin, transferrin, insulin) estimate a range of 
80 000-90 000 dollars for a single RBC transfusion unit. New media formulations have 
been developed with lower concentration of expensive molecules, or their replacement 
by cheaper non-animal-derived components. Olivier et al. developed an erythroid 
culture protocol in which albumin could be replaced by a combination of a chemically 
defined mix of lipids, an enhancer of lipid solubility (methyl-β-cyclodextrin), and an 
antioxidant (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid; Trolox) [62]. In 
this protocol, human transferrin was also replaced by a recombinant version of the 
protein produced in rice (Optiferrin). The replacement of albumin by polyvinyl alcohol 
is also an important step forward to a chemically defined, cost-effective media [63–65].
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Culture dishes and flasks are maintained in incubators with a controlled temperature, 
humidity and gas composition. Typically, maintenance of suspension static cultures 
is performed by periodically measuring the cell concentration in the dish after 
resuspending the cells settled at the bottom surface, followed by dilution with fresh 
medium to maintain the culture cell concentration low (usually <2-5×106 cells/mL). 
Because the cultures have to be removed from the incubator for sampling, perturbations 
in temperature and pH are inevitable, which can affect the growth and viability of the 
cells [67,68]. Furthermore, due to the lack of mixing and the settling of the cells to the 
bottom surface, static culture systems can display spatial gradients in the concentration 
of metabolites, especially under high cell densities and for species with low diffusion 
rates, or very short life times (e.g. reactive oxygen species) [69]. Although microsensors 
to monitor local pH, dissolved oxygen and concentrations of nutrients (glucose, lactate) 
are available, active control of such parameters using measured values at the scale of 
culture dishes and flasks is challenging.

Liquid height and surface cell concentration (cells per unit of area) are common scaling 
parameters for dish cultures. Both parameters define the vertical oxygen concentration 
profile in the dish [70]. Although large culture dishes and flasks are commercially 
available (up to 500 cm2 of surface area), scaling the cell production using conventional 
culture dishes and flasks follows a scale-out approach (multiple “small” units maintained 
in parallel) rather than a scale-up strategy (a few or a single large culture unit). This 
results in very labor-intensive processes for media refreshment and final harvesting. It 
also leads to a high footprint: for conventional culture dishes with an inner diameter 
of 8.7 cm (surface area = 60 cm2), each holding 12 mL of culture (liquid height = 2 mm),
33 000-83 000 dishes with a total footprint of 200-500 m2 would be required to 
produce a single transfusion unit assuming a cell culture density of 2-5×106 cells/mL 
(surface concentration of 4-10×105 cells/cm2). Multilayered vessels, such as Corning’s 
CellSTACKs and HYPERFlasks, have been developed to increase the surface area 
available for growth while maintaining a low footprint (up to 40× higher compared 
to culture flasks). CellSTACKs have been used for the production of >3×1010 cRBCs, 
sufficient to determine the lifespan of cRBCs after an autologous transfusion in a 
patient [56]. Although multilayered vessels require less incubator space compared 
to culture dishes to produce the same number of cells, microscopic viewing of the 
cells to monitor the progress of the culture can be limited, and manipulation of such 
systems for periodical sampling and final harvest is cumbersome. Furthermore, it is 
unclear whether cells cultured in these systems are exposed to similar or worse oxygen 
limitations to those in conventional dishes and flasks. 
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A strategy to reduce the large surface requirements in static culture systems is to 
improve the gas transfer to the liquid, allowing to increase the culture volume per plate 
while ensuring that cells are not exposed to oxygen limitations. This is often done using 
polydimethylsiloxane (PDMS) dishes and flasks, as it is a material with much higher 
oxygen and carbon dioxide permeabilities compared to polystyrene (conventional 
material used for culture dishes) [71]. Recently, a GMP-compatible static erythroid 
culture protocol using a vessel with a gas-permeable silicone membrane at the base 
was reported [55]. This culture system (G-Rex; Wilson Wolf Manufacturing; Saint 
Paul, MN) was reported can support liquid heights of up to 10 cm per cm2 of surface 
area, resulting in a 50-fold increase in surface cell density (cells per cm2) compared to 
conventional culture dishes. By having a single vessel and the possibility to automate 
medium refreshment and harvest, the manual work involved in sustaining the culture 
is reduced [72]. However, scale up is still by surface area, and only limited control on 
culture conditions can be achieved.

1.4.2. Immobilization strategies

The human bone marrow is an extremely efficient RBC manufacturing system, 
producing 1.6-2.2×1011 erythrocytes per day in a volume of 1.1-2.1 L [73]. Thus, 
bioreactor designs mimicking the microenvironment and structure of the bone marrow 
have been proposed for cRBC production. Housler et al. used a hollow fiber bioreactor 
consisting of a central compartment where cells reside, perfused by capillaries through 
which fresh medium and gas (air + CO2) are supplied, mimicking the in vivo perfusion of 
the bone marrow. Seeded CD34+ HSCs committed to the erythroid lineage, proliferated, 
and differentiated to enucleated cRBCs, reaching cell densities of up to 8×107 cells/mL
and 1300-fold proliferation levels [74]. A similar approach using hollow fibers perfusing 
a porous scaffold in which cells are seeded was used by Allenby et al. [75]. In this 
system, spatial cell distributions similar to in vivo conditions were observed, with a 
differential localization of proliferating and differentiating erythroid cells, which was 
correlated with local hypoxic conditions in the scaffold material. Formation of erythroid 
niches, with erythroblasts associated to macrophages in structures resembling in 
vivo erythroblastic islands, was also found. Although enucleated cRBCs could egress 
through the hollow fibers, the permeability of the hollow fibers to cRBCs was identified 
as a bottleneck in this set-up [76]. Moreover, manufacture of the porous scaffolds is 
technically challenging [77]. Although hollow fiber bioreactor can be a useful model of 
in vivo hematopoiesis, and allow to separate the cells from shear caused by liquid flow 
and aeration of other culture systems (see following section), scaling up these systems 
for large scale production of cRBCs can be challenging due to the large gradients 
observed along and across the fibers [78,79].
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1.4.3. Agitated and stirred culture systems

Active mixing allows to overcome some of the problems associated with static cultures, 
by reducing nutrient, oxygen, and cell concentration gradients in the culture. Several 
technologies are available for suspension cultures of mammalian cells with different 
levels of complexity, including roller bottles, shake flasks, rocking bioreactors, spinner 
flasks, and stirred tank bioreactors. Roller bottles, commonly used to proliferate 
anchorage-dependent cells, have also been used for HSC and erythroblast cultures 
[80,81]. In this system, the rotation of the bottle reduces nutrient gradients in the liquid 
while keeping shear and turbulence low. Although this system is relatively inexpensive, 
it is volumetrically inefficient, as the maximum liquid volume in each bottle is often 
only 10-20% of the total vessel volume [82].

Shake flasks are another low-cost mixed culture system, commonly used for the 
adaptation of adherent cell lines to suspension conditions. Critical parameters for 
shake flask cultures are the mixing conditions (orbital throw and rpm of the orbital 
shaker), volume occupancy of the flask, and presence of baffles, as all define the 
mixing conditions of the liquid and the gas mass transfer rates [83–85]. Temperature 
control and gas supply are achieved by placing the shaker platform inside an incubator 
with controlled atmosphere. Currently, shake flasks of up to 6 L of total volume are 
commercially available, and are often used with a higher working volume compared to 
roller bottles (30-40% of the flask volume). Shake flasks have been used for erythroid 
cultures, mainly as a platform to evaluate the effect of mixing conditions on erythroblast 
proliferation and differentiation [86]. 

In addition to orbital shaking, liquid cultures can also be agitated using a rocking motion. 
In this type of bioreactors, cultures are kept in a vessel (often a single-use plastic bag) 
attached to a device that rocks either back and forth, or in a bi-axial manner, inducing 
waves in the liquid. Culture bags used in rocking bioreactors can reach volumes of   
200 L (maximum working volume = 100 L), and often include pH and dissolved oxygen 
sensors, gas lines for the aeration of the culture through headspace, and multiple liquid 
ports for sterile inoculation, sampling, and harvesting. Batch and fed-batch are the 
common operating modes in rocking cultures, but continuous perfusion can also be 
implemented in such systems, either using floating cell retention filters or external 
hollow fiber modules [87,88]. Culture bags of up to 200 L are available, with constant 
volumetric power input (power per volume, a function of rocking frequency and angle) 
commonly used as scale-up parameter [89]. Erythroid cultures in 1 L wave bioreactors 
have been reported, exhibiting low expansion yields compared to static cultures [90]. 
Culture dishes and flasks on rocking platforms have also been used to evaluate the 
effect of shear stress on erythroid cultures [91].
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Agitation can also be achieved using submerged impellers. The simplest version of 
such systems is a flask with a suspended magnetic stirrer, also known as spinner flask. 
This system has a low cost compared to rocking bioreactors, and does not require more 
equipment than an incubator and a magnetic stirrer platform. Although aeration is still 
limited by diffusion (incubator’s gas must go through the top cap of the flask to the 
liquid surface), the agitation improves the oxygen transfer to the culture, especially 
if the spinner flask contains baffles and the impeller is only partially submerged [92]. 
Spinners include several side arms that can be used for direct pipetting of medium or 
for harvesting of the culture. However, as the number of ports and compatible probes 
is limited, spinner flasks have restricted monitoring and control capabilities for key 
operating parameters (e.g. pH and dissolved oxygen concentration). Spinner flasks 
have been used for small scale erythroid cultures (<1.5 L) [51,93,94], but larger vessels 
can reach volumes of up to 36 L. The scale-out potential of such vessels have been 
demonstrated by Griffiths et al. and Kupzig et al., using multiple 1.5-2.0 L stirred vessels 
operated in parallel (>24 L total culture volume; fed-batch mode) to produce 5 and  
10 mL of packed cRBCs, respectively [57,58]. Macroporous microcarriers have also 
been used in spinner flask erythroid cultures, with the goal of protecting cells from the 
turbulence caused by the agitation, while providing cells an environment similar to the 
spongy bone of the bone marrow [94].    

1.4.4. Stirred tank reactors as platform for cRBC production

Stirred tank reactors (STRs) are the most widely used culture system for large scale 
microbial and mammalian cell culture process. Agitation in this type of bioreactors 
is performed by the rotation of one or multiple impellers. Stainless-steel or glass 
STRs are the standard for (large scale) microbial and mammalian cell culture. These 
systems provide multiple liquid in- and outlets that can be used for the inoculation 
of the reactor, sampling of the culture, addition of medium and other liquids (feeds, 
antifoam), and harvest. Aeration is typically performed using a submerged sparger, 
although aeration via a continuous gas flow through the headspace may be sufficient 
for low cell concentration cultures in small STRs (high surface-area-to-volume ratio). To 
ensure aseptic conditions during the cultivation process, stainless-steel STRs are either 
autoclaved or sterilized using steam-in-place systems, depending on the vessel volume. 
Reactors of up to 25 000 L have been successfully designed and used for mammalian cell 
cultures for production of monoclonal antibodies [95]. Cleaning of the vessel and any 
stainless-steel piping is also required between reactor runs. Due to the challenges of 
validating cleaning and sterilization procedures, and the cost and time requirements to 
perform those operations in processes following good manufacturing practices (GMP) 
guidelines, single-use bioreactors have become a popular alternative in industry. By 
having pre-sterilized single-use vessels that are discarded and replaced between runs, the 
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1.5. Challenges and constraints for high-cell density 	
       cRBC cultivation
Any bioreactor system to be used for cRBC production must support cultivation 
conditions that are adequate for the efficient proliferation and differentiation of 
erythroblasts. To ensure that those conditions are fulfilled, adequate nutrient and 
oxygen availability is required, while controlling operating parameters that may 
negatively impact the growth and viability of the culture (e.g. turbulence and shear 
stress). Knowing the physical constraints for each stage during erythropoiesis would 
help to define operating windows for key parameters of bioreactor design and operation, 
such as mixing conditions, feeding and aeration rates. 

agility of the process can be increased, replacing the cleaning, sterilization, and validation 
times of stainless-steel STRs by the shorter installation times of single-use STRs [96].

Stirred bioreactors have been used for the culture of hematopoietic cells for almost 30 
years [97]. Although small scale STRs (≤15 mL) have also been successfully used for 
cRBCs, the used conditions vary broadly with respect to medium composition, cell 
density, oxygenation, agitation conditions, and nutrient feeding strategy, making a 
direct comparison to other cultivation systems and conditions challenging [98–101]. 

Ratcliffe et al. used 15 mL ambr® STRs (Sartorius Stedim; Germany) for the expansion of 
umbilical cord CD34+-derived HSCs, and observed 6 cumulative population doublings 
after 10 days of culture without media exchange, which could be increased to 8 doublings 
in 14 days of culture if media was fully changed every 2 days [100]. This culture 
protocol was further optimized by Bayley et al., showing that ~4000-fold change (12 
doublings) could be reached after 24 days of culture, with a final enucleation efficiency 
of up to ~80%. The media refreshment strategy was a critical parameter to achieve high 
cell yields, and was further studied by Glen et al. also in ambr® STRs but in cultures 
with a short time-span (up to 60 h) [102]. More recently, Han et al. followed a design-
of-experiments (DOE) approach to select optimal inoculation conditions and operating 
parameters to support erythroblast expansion and differentiation in the ambr® system 
[98]. However, expansion of early erythroblast cultures could not be sustained at any 
of the screened conditions. Lee et al. showed that erythroblast expansion could be 
scaled up to a 500 mL STR, albeit using an immortalized erythroblast cell line with 
overexpression of an anti-apoptotic gene (BCL-XL) and with very low enucleation 
efficiency [99]. Although commercial companies such as Rubius Therapeutics have filed 
patents for cRBC production in STRs of up to 200 L, no public data on the performance 
of such reactors is available apart from the low cell concentrations being used (0.1-
2.0×106 cells/mL) [103,104].
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1.5.1. Hydrodynamic forces: shear stress and turbulence
Mammalian cells are generally assumed to be highly sensitive to hydrodynamic forces. 
The principle behind this assumption is that mammalian cells are relatively big cells 
that lack cell walls and therefore are not able to resist mechanical deformation [105]. 
Although mechanical stress has been linked to regulation of cell cycle, decrease in 
proliferation and culture viability, its effects appear to be strongly cell-type specific 
[106–108]. It is relevant to note that assumptions of shear sensitivity can also lead to 
a sub-optimal process design for bioreactor operation in which low liquid velocities 
are preferred, which can lead to mixing problems and oxygen limitations in agitated 
systems at large scale. Thus, defining the optimal hydrodynamic conditions that 
support erythroid cultures is a requirement for the design of a scalable culture system.
 
Hydrodynamic conditions in the bone marrow microenvironment, dominated by 
slow perfusion of nutrients and low fluid shear stress (0.29 ± 0.27 Pa in sinusoidal 
capillaries), are different to those of STRs in which complex patterns of fluid flow take 
place [109,110]. However, turbulent mechanical conditions in a bioreactor may activate 
similar mechano-sensing processes as in vivo. How exactly cells in general are able to 
sense mechanical stress has been an open question for a long time. Relatively recently 
discovered mechanosensitive channels Piezo1 and Piezo2  shed light on the mechanism 
of mechanosensing in the animal kingdom [111]. Although the exact working 
mechanism is yet to be fully understood, its expression is strikingly widespread among 
different tissues and even different species. Piezo1 is expressed also on erythroblasts, 
both in the bone marrow and in ex vivo cultures [55,112]. Chemical induction of Piezo1 
activity in cultured reticulocytes leads to a delay in maturation (i.e. delay in the loss 
of CD71 expression, and reduced deformability) [113]. More recently, the activation of 
Piezo1 on erythroblasts cultured in shake flasks was described, directly affecting the 
proliferation and differentiation dynamics [86]. Studies in STRs have shown that the 
different stages of erythroid cultures have distinct sensitivity to shear stress. Immature 
erythroid cells responded to shear stress with reduced viability and increased cell 
fragility, whereas cultures of more mature cells were robust and showed a linear 
increase in enucleation through the range of tested stirring speeds [98]. In addition 
to the effects of shear present in the culture system, it has been described that shear 
induced by the circulation through tubing using a peristaltic pump can induce changes 
(morphological, and at protein level) in cultured reticulocytes associated to a more 
mature state [114], agreeing with the observed maturation of cultured reticulocytes 
into biconcave cells in the circulation of transfused mice [58].
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1.5.2. Oxygen availability
The effect of low oxygen concentration in the body (systemic hypoxia) on the 
production level of RBCs is an extensively studied phenomenon. This adaptation is 
mediated by hypoxia-inducible factors (HIFs), leading to an increase of Epo synthesis 
in the kidney, and a subsequent Epo-mediated upregulation of erythroid proliferation 
[115]. However, the direct effect at the cellular level of oxygen concentration on HSCs 
and erythroid precursor cells is less clear. Measuring the oxygen concentration in the 
bone marrow microenvironment where erythroblast proliferation and differentiation 
takes place is challenging. However, new experimental techniques using microscopy 
and phosphorescent probes have allowed to map the oxygen concentration landscape 
in the bone marrow. Beyond the cortical bone layer, the bone marrow is characterized 
by a low oxygen concentration (average oxygen tension of 52 mmHg; equivalent to 

O 2 ,
sat  = 2.68 mg O2/L; see Supplementary Information) [116], and by large oxygen 

concentration between the sinusoidal micro-vessels (carrying oxygen-rich blood) 
and the extravascular regions [117]. Direct measurements of oxygen concentrations 
in the bone marrow microenvironment indicate oxygen tensions of 13-20 mmHg 
( O 2 ,

sat  = 0.67-1.03  mg O2/L), much lower than arterial oxygen levels [118]. The role 
of oxygen gradients on the differential localization of HSCs in the bone marrow has 
been described, with proliferating HSCs preferentially localized close to the sinusoidal 
capillaries, while quiescent HSC  tend to locate in low-oxygen regions far away from blood 
vessels [119–121]. A similar localization pattern has been observed for erythroblasts, 
with erythroblasts migrating towards the sinusoids as maturation progresses [122]. 

Ex vivo erythroid cultures have offered a way to study the role of oxygen concentration 
on erythropoiesis. A positive effect of low oxygen concentrations on erythroid 
maturation and enucleation has been reported [123–126]. In these studies, the controlled 
parameter is the oxygen concentration in the gas phase. Typically, hypoxic conditions 
are evaluated using an oxygen molar fraction ( O 2

) of 5% instead of the standard 21%. 
At 37 °C and 1 atm of pressure, this would be equivalent to oxygen tension value 
of 38 and 160 mmHg, and saturation concentration of oxygen (in water) of 1.96 and 
6.90 mg O2/L, respectively.  However, under such conditions it is difficult to determine 
(and control) the local oxygen concentrations to which cells are exposed. In such 
diffusion-driven system in which cells localize at the bottom of the dish while the oxygen 
transfer from the gas phase occurs at the top of the liquid layer, there are significant 
oxygen concentration gradients. Local oxygen concentrations around the cells will be 
a function of cell confluence and liquid height, making the direct comparison between 
experiments challenging if those variables are not reported [70,71,127].



38

Chapter 1

Erythroid culture bioreactors in which the dissolved oxygen concentration is measured 
and actively controlled allow to quantify the effect of oxygen levels on the different 
erythroid development stages; however, data is scarce. Bayley et al. reported a negative 
impact of high dissolved oxygen levels (CCCCCCCCCCCCC) on enucleation level 
during erythroblast differentiation in stirred tank bioreactors, but no effect on cell 
proliferation [101]. Using a similar bioreactor set-up, Han et al. observed a more complex 
effect of dissolved oxygen concentration on enucleation and final cell (reticulocyte) 
yield, in which low oxygen levels led to a positive or negative response on enucleation 
depending on the value of other process parameters (pH and temperature) [98].

1.5.3. Media composition and nutrient availability
Together with sufficient oxygen availability, ensuring sufficient levels of nutrients and 
minimizing the accumulation of toxic metabolic byproducts during culture is required 
for cell survival and proliferation. Glucose, often the most abundant metabolite 
in media formulations for cell culture (e.g. 25 mM in Iscove's Modified Dulbecco's 
Medium; IMDM), is rapidly taken up by proliferating mammalian cells. Although part 
of the glucose is diverted to the pentose phosphate pathway, the majority is used via 
glycolysis to produce pyruvate, which, instead of entering the tricarboxylic acid (TCA) 
cycle to be fully oxidated, is converted into lactate [128]. This phenomenon of high 
glycolytic flux relative to respiration in mammalian cells, even when sufficient oxygen 
is available, is also known as aerobic glycolysis or the Warburg effect. Although it can 
be seen as wasteful metabolism in terms of moles of ATP produced per consumed mole 
of glucose, aerobic glycolysis in mammalian cells seems to support rapid proliferation 
of mammalian cells [129].
 
Glutamine, the most abundant amino acid in plasma and in culture medium, is also 
rapidly consumed by proliferating mammalian cells [130–132]. Glutamine can be used 
as a precursor of TCA cycle intermediates via glutaminolysis. In this pathway, glutamine 
is first converted to glutamate, followed by the conversion to α-ketoglutarate, each 
step releasing an ammonium ion. Glutamine can also be used as carbon and nitrogen 
source for the synthesis of other non-essential amino acids, and for de novo purine 
and pyrimidine biosynthesis [133]. The commitment of HSCs to the erythroid lineage 
has been shown to be dependent on glutamine uptake and its usage for nucleotide 
synthesis rather than as a TCA cycle precursor [134].

Although both glucose and glutamine contribute to the majority of the cell energy 
requirements of cultured mammalian cells, all other amino acids included in culture 
media are major mass contributors for biomass synthesis, being sources of carbon and 
nitrogen not only for proteins but also for all other biomass building blocks (RNA, DNA, 

O 2 O 2 ,
satΤ > 50%
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lipids) [135,136]. During erythroid differentiation, erythroblasts display an increase in 
uptake rates of amino acids to support the production of the α- and β- globin chains 
of hemoglobin [137]. Glycine is also rapidly consumed in erythroblast cultures, as it 
is directly required for heme synthesis: for one heme group, 8 glycine molecules are 
required [138]. Thus, to produce the ~3×108 hemoglobin molecules present in a single 
RBC, each containing 4 heme groups, ~1.2 pg of glycine are required. Although glycine 
is a non-essential amino acid, insufficient uptake of glycine by erythroblasts leads to a 
decrease in heme synthesis during differentiation both in vivo and in ex vivo erythroid 
cultures [139].

Sufficient lipid availability is also required during erythroid culture. The first reported 
serum-free culture medium for erythroid culture, known as HEMAdef, required non-
delipidated albumin and cholesterol supplementation to support the proliferation of 
early erythroid progenitor cells at levels comparable to those observed in medium 
using fetal bovine serum [60,140]. Lipid composition and metabolism show significant 
changes during erythroid development [141]. Lipid requirements are also dynamic 
during erythroid cultures: cholesterol is required for erythroblast proliferation, as 
insufficient cholesterol uptake and cholesterol biosynthesis lead to lower cell yields 
in erythroblast cultures. By contrast, cholesterol synthesis is downregulated during 
erythroblast differentiation, and low cholesterol levels may be required during 
erythroid differentiation to ensure efficient erythroblast maturation and enucleation 
[142]. Interestingly, Bernecker et al. showed that cRBCs have lower cholesterol content 
compared to native RBCs and reticulocytes [143]. This deficiency, which can affect 
membrane resistance to osmotic shock, is partially recovered by supplementation 
with cholesterol-rich lipids in the culture media. Other lipids present in plasma are 
also required to sustain erythroid cultures. The effect of lipid supplementation on 
erythroid cultures is dependent on the lipid mix being used, affecting the time from the 
PBMC stage until peak cell growth, and final erythroblast yields [144]. Compared to 
commercially available lipid mixes, specific lipoprotein fractions from human plasma 
appear to be more effective to increase the yield of erythroid progenitor cells and of 
erythroblasts [145]. Together, this suggests the existence of optimal lipid levels and 
profiles for the different stages of erythroid cultures.

The importance of other metabolites in erythroid cultures has been less studied. Analysis 
of metabolite transporters in the surface of cells during erythroid differentiation 
have revealed a high expression of the riboflavin (vitamin B2) transporters RFVT1/2, 
suggesting an increase in the uptake requirements of this nutrient in erythroid 
progenitor cells and proerythroblasts compared to HSCs and late erythroblasts [146]. 
Folate (vitamin B9) and cobalamin (vitamin B12) deficiency also affect erythropoiesis, 
leading in vivo to an ineffective erythroblast differentiation, to the production of large 
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1.5.4. Inhibitory metabolic byproducts
Lactate and ammonium are the major waste products in mammalian cell cultures. The 
concentrations of both species have a direct effect on cell proliferation [148]. Apart 
from being accumulated due to the breakdown of glutamine and other amino acids, 
ammonium can also be produced due to chemical decomposition of glutamine in the 
medium, but to a much lower extent in serum-free medium [149]. Ammonium leads 
to cell growth inhibition, and to cell necrosis at high concentrations (50 mM) [150]. 
Proposed mechanisms of ammonium toxicity in cell cultures are the competition of 
NH4

+ with K+ in transmembrane transporter proteins, and a generalized acidification 
of the cytosol [151]. High ammonium concentrations can also inhibit enzymes 
involved in glutamine catabolic pathways feeding the TCA cycle, such as glutamine 
dehydrogenase and aspartate aminotransferase [152]. Tolerance to ammonium is cell-
line dependent, with GI50 (concentration resulting in a 50% inhibition of cell growth) 
typically between 1 and 4 mM [148,153,154]. Some cell lines have shown very high 
tolerance to ammonium, with GI50 > 8 mM [152,155–157]. 

Compared to ammonium, mammalian cells tolerate higher lactate concentrations, 
typically with a GI50 ranging between 20 and 60 mM [148,153,154]. Part of the toxic 
effect seems to be due the increase in osmolarity at those concentrations. Lactate 
accumulation also leads to a decrease in extracellular pH, if pH is not actively 
controlled during culture [158]. Interestingly, very high lactate levels can also inhibit 
lactate dehydrogenase activity, potentially leading to a redox imbalance due to an 
impaired regeneration of NAD+ and an accumulation of NADH  [152]. A complex 
interactive effect of lactate and ammonium has been described, in which lactate can 
decrease ammonium toxicity [154]. Feeding strategies that allow to have reduced 
glucose concentrations during culture can be used to minimize lactate accumulation 
[159]. Similar strategies can be used to reduce ammonium production by controlling 
glutamine concentration [155].

Data on lactate and ammonium production during erythroid cultures is limited and 
difficult to compare due to difference in culture protocols, cell sources and cultivation 
methods. Ratcliffe et al. reported ammonium concentrations of up to 1.5 mM
in microbioreactor cultures without medium dilution, with lactate concentration 
ranging between 1.1 and 11.2 mM [100]. Similar lactate and ammonium concentrations 
were observed by Han et al. (<11.3 mM and <4 mM, respectively) [98]. Bayley et al. 

reticulocytes and RBCs, and to megaloblastic anemia. Lack of folate or cobalamine can 
cause an imbalance in the levels of the methionine-homocysteine cycle intermediate 
tetrahydrofolate (THF), which is involved in purine and pyrimidine synthesis [147].
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measured up to 12 mM of lactate in their cultures, but ammonium was below the 
detection limit (<0.3 mM). They also described a superadditive inhibitory effect of 
lactate and ammonium [101]. Production rates for both byproducts were also estimated 
by Lee et al. for an immortalized cell line (0.218-0.293 pmol/cell/h for lactate, and 
0.015-0.023 pmol/cell/h for ammonium), and by Sivalingam et al. for an hiPSC clone 
(0.475 and 0.038 pmol/cell/h for lactate and ammonium, respectively) [93,99]. The main 
mechanism of growth inhibition by lactate in hematopoietic cultures seems to be due 
to the decrease in pH associated to lactate accumulation, with a mild inhibition (up to 
25%) at concentrations >30 mM that could be explained by the increase in osmolarity 
[160]. An increase in erythroid differentiation at lactate concentrations of up to 10 
mM has also been described, potentially associated with an increase in oxidative stress 
levels in the culture [161].

Although lactate and ammonia are the most studied toxic metabolic byproducts in 
mammalian cell cultures, novel inhibitory metabolites have been recently identified by 
following metabolomics approaches. Mulukutla et al. identified a set of 9 metabolites 
involved in amino acid metabolism (either as byproducts or as intermediates) that 
are accumulated during CHO cell cultures causing growth inhibition [162]. The 
concentration of these metabolites could be lowered by using feeding strategies that 
reduced the effective concentration and uptake rates of specific amino acids during 
culture, and by genetic engineering to increase the expression level of specific enzymes 
involved in the catabolic pathways of those amino acids [163]. Accumulation of 
byproducts of tryptophan and branched-chain amino acid metabolism, polyamine 
synthesis, and nicotinate metabolism at levels that can inhibit cell growth was also 
observed in CHO and HEK293 cell cultures [164]. For an overview of such novel inhibitory 
metabolites, the reviews by Pereira et al. and Coulet et al. are suggested [165,166]. 

Such novel inhibitors could be involved in the growth limitations observed by Bayley et 
al. in erythroblast cultures. Although accumulation of lactate, ammonia and inhibitory 
cytokines like TGF-β was observed in those cultures, final titers did not reach inhibitory 
levels that could explain the observed decrease in growth rate after 13-16 h from cell 
inoculation in fresh medium [101].
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1.6. Scope of this thesis    

The aim of this thesis is to develop a safe and economic process for the production of 
transfusion-ready cRBCs, focusing on the erythroblast proliferation and differentiation 
culture stages. Based on the literature review (this chapter), the following challenges 
for the cost-effective manufacture of cRBC were identified:

•	 Lack of a clear quantification of the effect of relevant operating parameters 
(e.g. stirring speed, and oxygen concentration) on erythroblast cultures, 
which is required for the scale up of the process.

•	 Growth inhibition in erythroblast proliferation cultures limits the maximum 
cell densities that can be used during the process, leading to large culture 
volumes and medium requirements. 

•	 The usage of expensive growth factors and other proteins leads to high 
culture medium costs.

To achieve the goal of this work, these challenges are addressed by combining 
experimental and computational approaches at multiple culture scales. 

One of the main requirements for cRBC production is the development of a scalable 
bioreactor culture system, due to the large number of cells needed to meet even a small 
fraction of the demand for transfusion-ready RBCs. We explored the use of stirred 
tank bioreactors for erythroblast cultures, focusing on the effect of dissolved oxygen 
and agitation on cell proliferation and differentiation. Knowing the effect of these two 
parameters on erythroid cultures is critical, as mixing and oxygen mass transfer may 
become limiting in large bioreactors when scaling up the process (Chapter 2). 

The metabolome of animal cell lines commonly used in biopharmaceutical processes, 
especially for the production of monoclonal antibodies, has been extensively studied. 
However, available metabolic data of erythroid cultures is limited. We studied the 
metabolism of cultured erythroblasts, with the aim of identifying putative growth 
inhibitors, and increasing the productivity of the culture (Chapter 3).

Erythroblast cultures requires culture medium containing expensive proteins that make 
the production of cRBC economically unfeasible. The replacement of such proteins 
with other low-cost molecules that display the same functionality during culture is 
a potential solution to reduce the cost of the process. Replacement of transferrin, a 
protein that binds and transport the iron required for the hemoglobinization of cRBCs, 
with an iron chelator in erythroid cultures was evaluated (Chapter 4). 
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2.8. Supplementary information

2.8.1. Comparing in vivo and ex vivo oxygen concentrations
Multiple parameters are used to describe oxygen content in tissues and in blood, and a 
good understanding on the relationship between these values is required to translate 
parameters typically measured in vivo and static culture systems (e.g. culture dishes) 
to operating conditions that are measured and controlled in a bioreactor setting. The 
first of such variables is the dissolved oxygen concentration in a liquid ( cO2 ), which 
is the amount of oxygen (in mass or molar basis) dissolved per unit of liquid volume 
(typical units: mg O2/L or µmol O2/L). The dissolved oxygen concentration can also 
be expressed as a percentage of the saturation concentration of oxygen in the liquid, 
a key parameter measured in stirred tank bioreactors. The saturation concentration 
(cO2,sat     ; same units as cO2  ) will be a function of the composition of the gas that is in 
equilibrium with the liquid, temperature and pressure. Typically, this relationship can 
be described using Henry’s law:

O 2 ,
sat

= O 2

Where  is the Henry coefficient of oxygen, which is highly dependent on the 
temperature of the system and total concentration of solutes in the liquid. O 2

 is the 
partial pressure of oxygen in the gas phase, which can be calculated from the total gas 
pressure ( ) and the molar fraction of oxygen in the gas ( O 2

):

O 2
= O 2

At physiological temperature (37 °C), the Henry coefficient for oxygen on pure 
water is O 2 , w

= 1 . 03 × 10
− 3  mol O2/L/atm (=32.9 mg O2/L/atm) [167]. Thus, 

at atmospheric oxygen concentration ( O 2
= 0 . 2095 ) and sea level pressure 

( = 1 atm = 760 mmHg = 101325 Pa ), the solubility of oxygen in water is 
6.90 mg O2/L.

Oxygen content in blood is typically reported in volumetric terms: mL of oxygen gas 
at normal conditions (293.15 K; 1 atm) per mL of blood. Oxygen in blood is present in 
two forms: dissolved in the liquid phase, and tightly bound to the hemoglobin present 
inside RBCs. Oxygen can be dissolved in both the plasma and RBC fractions of blood, 
each having a different oxygen solubility concentration. The Henry coefficients of 
oxygen on plasma and the intracellular space of RBCs at physiological conditions 
(37s°C) are 0.0217 and 0.0354 mL/mL/atm, respectively [168,169]. Thus, for an average 
human adult with an RBC volumetric fraction (hematocrit) of 45%, O 2 ,

blood  is 

O 2

O 2O 2 ,
sat
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0.03 mL/mL/atm (=39.24 mg O₂/L/atm) at 37 °C, slightly higher than pure water. This 
value is also known as the solubility coefficient of oxygen in blood. Dissolved oxygen 
concentrations in blood and tissue are commonly measured using polarographic 
electrodes, and are reported as oxygen tension values ( O 2

, in mmHg), which can then 
be converted to mass or volumetric concentrations using the Henry coefficient. In 
arterial blood, average oxygen tension is 100 mmHg, equivalent to 5.16 mg O₂/L.

Dissolved oxygen represents a small fraction of the total oxygen content in blood, with 
most oxygen being present bound to hemoglobin. A single hemoglobin molecule can 
bind to four oxygen molecules, meaning that each gram of fully saturated hemoglobin 
carries 1.38 mg O2 (or 1.39 mL O2/g Hb), a value known as hemoglobin oxygen carrying 
capacity. This would represent a hemoglobin-bound oxygen content in blood of  
287 mg O2/L (= 200 mL O2/L blood) for the average blood hemoglobin content in adult 
humans (145 g Hb/L), around 30× higher than the dissolved oxygen content in blood, 
and ~98% of the total oxygen blood content. The Hb-bound oxygen concentration is also 
a function of the fraction of total hemoglobin that is saturated with oxygen, also known 
as oxygen saturation ( O 2

), typically between 97 and 100%. O 2
 is highly dependent 

on the dissolved oxygen concentration in blood. This dependency is described by the 
oxygen association/dissociation curve.
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Transfusion of donor-derived red blood cells (RBCs) is the most common form of 
cell therapy. Production of transfusion-ready cultured RBCs (cRBCs) is a promising 
replacement for the current fully donor-dependent therapy. A single transfusion unit, 
however, contains 2×1012 RBC, which requires large scale production. Here we scale-up 
cRBC production from static cultures of erythroblasts to 3 L stirred tank bioreactors, 
and identify the effect of operating conditions on the efficiency of the process. Oxygen 
requirement of proliferating erythroblasts (0.55-2.01 pg/cell/h) required sparging of air 
to maintain the dissolved oxygen concentration at the tested setpoint (2.88 mg O2/L). 
Erythroblasts could be cultured at dissolved oxygen concentrations as low as  
0.7 O2 mg/mL without negative impact on proliferation, viability or differentiation 
dynamics. Stirring speeds of up to 600 rpm supported erythroblast proliferation, while 
1800 rpm led to a transient halt in growth and accelerated differentiation followed 
by a recovery after 5 days of culture. Erythroblasts differentiated in bioreactors, with 
final enucleation levels and hemoglobin content similar to parallel cultures under static 
conditions. 

Abstract
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Blood transfusion is the most common cell therapy to this date. Worldwide about 120 
million blood donations, each containing 2×1012 red blood cells (RBC), are collected 
yearly. Nevertheless, availability of blood products for transfusion purposes is not 
uniformly distributed, with current shortages localized mostly in low-income countries 
[1]. Globalization and an increasing multiethnicity are societal factors that prompt for a 
larger, more diverse blood supply to ensure a safe transfusion practice [2,3]. Currently, 
over 360 blood group antigens are known, being part of more than 35 known blood 
group systems [4]. Finally, donor-dependent transfusion products harbor a risk for 
novel bloodborne pathogens that escape current screening programs.

Production of cultured red blood cells (cRBCs) represents a potentially unlimited source 
of RBCs for transfusion purposes, offering a better control on the quality and safety of 
the final product. Fully matched cRBCs could be used for patients that have developed 
alloimmunization or with rare blood groups [5,6]. Furthermore, cRBCs loaded with 
therapeutics or engineered to present antigens in their surface could be used as a 
highly efficient drug-delivery system [3,7–9].

Our current ex vivo RBC culture protocol starts with peripheral blood mononuclear cells 
(PBMC) and the commitment of CD34+ hematopoietic stem cells (HSCs) in this fraction 
to the erythroid lineage, which is characterized by high expression of the transferrin 
receptor (CD71). Subsequently, erythroblasts expressing glycophorin A (CD235adim), 
integrin-α4 (CD49ddim-to-high) and transferrin receptor 1 (CD71high) are expanded in 
presence of erythropoietin (Epo) plus stem cell factor (SCF) and glucocorticoids  [10,11]. 
The addition of SCF and glucocorticoids arrests differentiation and transiently enables 
renewal divisions of erythroblasts and expansion of a homogeneous erythroblast culture. 
Withdrawal of glucocorticoids and SCF allows for synchronous differentiation [12,13].

Erythroid cells are commonly cultured in static dishes or flasks, in which spatial 
inhomogeneities in nutrient concentrations occur due to settling of cells to the 
bottom surface. Moreover, this cultivation system is susceptible to mass transfer 
limitations as transfer of oxygen to the culture is fully diffusion-dependent [14–16]. 
This type of culture systems would culminate in impractical numbers of dishes/
flasks (currently about 9 000 - 12 000 T175 flasks for a single transfusion unit) [17,18].

The use of a static culture system in which oxygen transfer is facilitated by a gas-permeable 
membrane at the bottom of the vessel enabled a 50-fold increase in surface cell density 
(cells per cm2) compared to culture dishes [10]. Nevertheless, scale up of this culture 
protocol is still by area, and limited control on culture conditions can be performed.

2.1. Introduction
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Cultivation systems mimicking the microstructure and microenvironment of the bone 
marrow (BM) niche were developed for cRBC production. Hollow fiber bioreactors 
enable tissue-like cell concentrations with continuous perfusion of fresh nutrients 
and dissolved oxygen [19,20]. Microcarriers and porous scaffolds are used, both under 
static [21,22] and agitated conditions [23]. These biomimetic systems support high 
erythroblast cell densities. However, scale-up is hampered by gradients in nutrient 
concentrations along and across hollow fibers [24,25] or inside microcarriers [26,27].

Active agitation of RBC cultures increases nutrient homogeneity and oxygen transfer. 
This includes roller bottles [28], rocking motion bioreactors [29,30], shake flasks 
[31,32], and spinner flasks [32–35]. Stirred tank reactors (STRs) additionally allow for 
online monitoring and control of process parameters such as pH, dissolved oxygen and 
nutrient concentrations. STRs are commonly used for suspension cultures of different 
mammalian cells such as CHO, HEK293, hybridoma or Vero cell lines [36–38], reaching 
volumes of up to ~20 000 L at an industrial scale [39]. This type of reactors can be 
combined with cell retention systems, such as spin filters or external filtration systems, 
allowing for continuous culture processes with higher cell densities [40,41].
 
For cRBCs, small scale STRs (15-500 mL) were used to explore the effects of several 
operating parameters [42–44]. Some studies reported a large increase in cell numbers, 
but the conditions that were used varied widely with respect to medium composition, 
cell density, oxygenation, agitation (impeller type, speed), and nutrient feeding strategy 
along the different culture stages [42,45]. In most of these cultures, expansion of the cell 
population was accompanied by differentiation. Erythroblasts undergo major changes 
during differentiation including reduction of mitochondria, and the change of an actin-
based cytoskeleton to a spectrin/ankyrin-based cytoskeleton [46]. Here, we applied 
defined bioreactor conditions that discriminate between expansion during transient 
renewal of erythroblasts, and subsequent differentiation to enucleated reticulocytes.

Shear stress is a relevant parameter in scale-up [47]. The impact of shear stress on 
cultures seems to be cell-line dependent, affecting cell growth, viability, morphology, 
protein glycosylation, and differentiation fate [48–51]. Shear stress in rocking culture 
plates or upon orbital shaking in Erlenmeyer flasks reduced erythroblast viability and 
accelerated erythroid differentiation [29,31]. Enhanced differentiation is in agreement 
with increased enucleation and reduced cell proliferation reported for STRs [42,45]. 
The effect of shear stress on erythroblasts may be mediated, at least partially, by 
the mechanosensitive channel Piezo1, which activates multiple calcium-dependent 
signaling transduction cascades including the Calcineurin-NFAT pathway, the 
modulation of STAT5 and ERK signaling, and inside-out integrin activation [31,52,53].
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Sparging can also represent a significant source of shear in bioreactor cultures, i.e. due 
to bubble formation, rise and burst [54–56]. The negative effect of turbulence can be 
aggravated when higher stirring speeds and gas flow rates are needed upon scale-up 
to keep the cultures well-mixed with adequate oxygen supply [57]. Nevertheless, it is 
still unclear if the observed negative effect of sparging on cell cultures is due to the 
mechanical forces generated during bubble coalescence and breakup, or by biochemical 
interactions between cells and air bubbles [58–60].

Oxygen availability is a critical parameter in mammalian cell cultures. Cell cultures 
are often performed under dissolved oxygen (dO2) concentrations that are higher 
than those in vivo, potentially leading to an increase in oxidative stress, decrease in 
growth rate, acceleration of cell differentiation, and increase in apoptosis [61]. In vivo, 
erythroblasts are exposed to the hypoxic conditions of the extravascular bone marrow 
(BM) niche, with a mean oxygen partial pressure of 13.3 mmHg (range: 4.8-21.1 mmHg; 
[62]), equivalent to a dO2 concentration of 0.6 mg O2/L (range: 0.2-0.9 mg O2/L), or a 8% 
(range: 3%-13%) of saturation in equilibrium with air (1 atm, 37 °C).

Low oxygen pressure in static culture conditions accelerated erythroblast differentiation, 
increased hemoglobin levels and the enucleation rates, and increased the expression of 
the hypoxia-inducible factor 1α (HIF1α) [63,64]. Vlaski et al. also reported accelerated 
erythroid differentiation, but an increased cell yield in the first culture stage, using 
gas oxygen concentrations as low as 1.5% [65]. However, it is difficult to predict the 
local dO2 concentrations to which cells are exposed in the culture dishes used for these 
experiments, as static culture systems often display dO2 gradients [15]. In contrast, 
a more homogeneous dO2 concentration can be monitored and controlled in STR 
cultivations using in-line oxygen measurements. The effect of dO2 on enucleation and 
cell yields in STR erythroid cultures depends on other process parameters such as pH, 
temperature and shear [42]. 

Oxygen requirements of erythroid cultures are dynamic during the maturation process, 
with cells switching between oxidative phosphorylation (OXPHOS) and glycolysis 
[66]. Although oxygen requirements of mature RBCs are well known, there is limited 
data for erythroid precursors at specific developmental stages. Oxygen consumption 
rates for erythroblast have been estimated in Seahorse assays, ranging between 0.26 
and 1.66 pg/cell/h [67–69]. Erythroblast oxygen requirements in STR cultures range 
between 0.06 and 0.21 pg/cell/h (cell-specific oxygen consumption rate; qO2), and go as 
low as 0.01-0.05 pg/cell/h in the later stages of differentiation [45].

In the present study, we report the implementation of our cRBC culture protocol in 
stirred tank reactors. As oxygen availability was identified as a critical parameter 
controlling the yields of cRBCs, we estimated the oxygen requirements of erythroblasts 
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2.2. Materials and Methods

2.2.1. Cell culture
Human adult peripheral blood mononuclear cells (PBMCs) were purified by density 
centrifugation using Ficoll-Paque (density = 1.077 g/mL; 600g, 30 min; GE Healthcare, 
USA). Informed written consent was given by donors for the use of waste material 
for research purposes, and was checked by Sanquin’s NVT Committee (approval 
file number NVT0258; 2012) in accordance with the Declaration of Helsinki and the 
Sanquin Ethical Advisory Board. RBCs were cultured from PBMCs as previously 
described [10], with minor modifications: nucleosides and trace elements were omitted; 
cholesterol, oleic acid, and L-α-phosphatidylcholine were replaced by a defined lipid 
mix (1:1000; Sigma-Aldrich cat#L0288, USA). Expansion cultures were supplemented 
with erythropoietin (Epo; 1 IU/mL; EPREX®; Janssen-Cilag, The Netherlands), human 
stem cell factor (hSCF; 50 ng/mL, produced in HEK293T cells), dexamethasone (Dex; 
1 µmol/L; Sigma-Aldrich), and interleukin-3 (IL-3; 1 ng/mL, first day only; Stemcell 
Technologies, Canada). Cell density was maintained between 0.7-2×106 cells/mL by 
daily feeding with fresh expansion medium (either increasing the liquid volume with 
the addition of fresh medium, or keeping the liquid volume constant by harvesting a 
fraction of the culture and adding a respective volume of fresh medium).

To induce differentiation, cells were washed and reseeded at 1×106 cells/mL in 
Cellquin medium supplemented with Epo (5 IU/mL), 5% Omniplasma (Octapharma 
GmbH, Germany), human plasma-derived holotransferrin (1 mg/mL; Sanquin, The 
Netherlands), and heparin (5 U/mL; LEO Pharma A/S, Denmark). Cells were kept in 
culture for 11 days, without medium refreshment, until fully differentiated, in either 
stirred bioreactors or in culture dishes.

2.2.2. Bioreactor and reference culture conditions
All cultivations were performed on either autoclavable (MiniBio 500 mL, or 2 L single 
wall; glass) or single-use (AppliFlex 0.5 L, or AppliFlex 3.0 L; plastic) stirred bioreactors 
(Applikon Biotechnology B.V., The Netherlands). For expansion cultures, PBMC-
derived erythroblast cultures of at least 150 mL, with a density of 0.7-0.9×106 cells/mL 
were seeded in bioreactors. With the usual seeding methods of PBMC, the required 

during their transient renewal phase, and evaluated the effect of dissolved oxygen and 
stirring speed on cell yields during erythroblast expansion and differentiation in this 
culture system. Based on appropriate culture conditions identified in 0.5 L STRs, we 
were able to scale up to 3 L STRs, maintaining the same proliferation and differentiation 
efficiency. To our knowledge, this is the first report of erythroid cultivation in STR 
bioreactors at >1 L scale, and taking the differentiation stage into account.
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amount was reached between day 8 and 10. In presence of SCF and dexamethasone, 
the differentiation stage of the cells remained similar independent of the cultivation 
duration. The cell concentration was measured every 24 h, and partial media 
refreshment was performed if the measured cell density was >1.2×106 cells/mL, diluting 
the cell culture to 0.7×106 cells/mL. For differentiation cultures, cells were seeded at 
1×106 cells/mL and cultured without medium additions.

Process control was established using PIMS Lucullus (Securecell AG, Switzerland). 
Cultures were agitated using a marine impeller (down-pumping) at defined 
stirring speeds. pH was measured using an AppliSens pH+ probe (AppliSens, 
The Netherlands) and kept at 7.5 by sparging CO2 (acid), as culture medium is 
carbonate-buffered (34.3 mM dissolved NaHCO3). pH probe drift was corrected 
by recalibration every 2 days using an off-line pH measurement. Dissolved oxygen 
(dO2) concentration was monitored using a polarographic probe (AppliSens), and 
was controlled by sparging pure air using a porous sparger (average pore size = 
15 μm). dO2 values are reported as the percentage relative to the oxygen saturation 
concentration in water at equilibrium with air (1 atm, 37 °C; 100% = 7.20 mg O2/L).

Unless indicated otherwise, 0.5 L STR cultures were performed keeping the working 
volume constant at 300 mL, with a stirring speed of 200 rpm using a marine impeller 
of diameter 2.8 cm. A constant headspace flow of N2 (100 mL/min) was used during the 
whole cultivation to strip excess CO2 or O2 from the culture.

Static dish cultures (at 37 °C, air + 5% CO2 atmosphere) were used in parallel as reference 
for all tested conditions, with the same inoculum, growth media and seeding/feeding 
regime performed as in the bioreactors. The dishes surface was 60.1 cm2, containing  
12 mL of medium (liquid height = 2 mm).

2.2.3. Cell characterization

2.2.3.1. Cell count and viability
Cell density was measured in triplicate using an electrical current exclusion method at a 
size range of 7.5-15 μm and 5-15 μm in expansion and differentiation cultures, respectively 
(CASY Model TCC; OLS OMNI Life Science, Germany; or Z2 Coulter Counter; Beckman 
Coulter, USA). Population fold change (FC) was calculated in reference to cell numbers 
at the start of the growth experiments:     FC = N(ti+1)/N(t  . Viability was determined 
using a hemocytometer and a dye exclusion method (Trypan Blue; Sigma-Aldrich).

2.2.3.2. Differentiation and viability measurements using flow  cytometry

About 200 000 cells were stained in HEPES buffer + 0.5% BSA (30 min, 4 °C), measured 
using an BD FACSCanto™ II or Accuri C6 flow cytometer (BD Biosciences), gated 

FC =
0Τ
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against specific isotypes, and analyzed using FlowJo™ (version 10.3). Antibodies or 
reagents used were: (i) CD235a-PE (1:2500 dilution; OriGene cat#DM066R), CD49d-
BV421 (1:100 dilution; BD-Biosciences cat#565277), DRAQ7 (live/dead stain; 1:200 
dilution; ThermoFischer Scientific cat#D15106); (ii) CD235a-PE (1:2500 dilution; 
OriGene cat#DM066R), CD71-APC (1:200 dilution; Miltenyi cat#130-099-219); (iv) PI 
(live/dead stain; 1:2000 dilution; Invitrogen cat#P3566); (v) AnnexinV-FITC (1:1000 
dilution; BioLegend cat#640906), DRAQ7 (live/dead stain; 1:200 dilution; ThermoFischer 
Scientific cat#D15106); (vi) DRAQ5 (nuclear stain; 1:2500 dilution; abcam cat# 
ab108410). Stainings with panels (iv), (v) and (vi) were performed 10 minutes before 
analysis without intermediate washing steps.

2.2.3.3. Cell morphology and hemoglobin content
Cell pellets (2.5×106 cells, after centrifugation for 5 min at 600g) were washed with PBS, 
resuspended in PBS + 5% HSA, and smeared onto microscope slides. Slides were left 
to air overnight, stained with Hemacolor® Rapid Staining (Sigma-Aldrich), mounted 
with Entellan® (Merck, Germany), and examined by bright field microscopy (Leica 
DM5500B; Leica Microsystems, Germany). Hemoglobin content was determined using 
o-phenylenediamine as previously described [70].

2.2.3.4. Lactate and ammonium measurements
Cell culture samples were taken daily before and after medium refreshment. After 
centrifugation (600g, 5 min), the supernatant was snap frozen in liquid nitrogen and 
stored at -80 °C until further analysis. Upon thawing, lactate concentrations were 
measured using a RAPIDlab 1265 blood analyzer (enzymatic amperometric biosensor; 
Siemens Healthineers, Germany). Ammonium concentration was determined via an 
enzymatic spectrophotometric assay (Sigma- Aldrich cat#AA0100). Average daily 
growth rate (μmax), doubling time (τ ), and the cell-specific metabolite consumption or 
production rates (qlac, qNH4) were calculated as described in Supplementary Methods.

2.2.3.5. Oxygen consumption rate determination
For the determination of the oxygen consumption rate of proliferating erythroblast, 
bioreactor cultures were run at 200 rpm, with no sparging (no active pH or dO2 control), 
and with a fixed overhead flow of 100 mL/min air + 5% CO2 as only source of oxygen. 
pH was continuously monitored, and passively controlled by the equilibrium between 
CO2 in the overhead and the sodium bicarbonate present in the culture medium (pH 
variation between 7.2 and 7.7 during the cultivation). The cell-specific consumption 
rate of oxygen (qO2) for each day of culture was determined by the dynamic method, 
fitting the measured dO2 data as described in Supplementary Methods and using the 
experimentally determined mass transfer coefficient of the system (kLa = 0.82 1/h) at 
the culture conditions.
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2.3.1. Oxygen consumption by proliferating erythroblasts

To determine the feasibility of erythroblast proliferation in stirred tank bioreactors 
(STRs), day 9 PBMC-derived erythroblast cultures were seeded in a 2 L STR (working 
volume = 1 L). Cells were cultured with a stirring speed of 50 rpm (marine impeller; tip 
speed = 118 mm/s), with air diffusion from the headspace as the sole source of oxygen 
for the cell culture, similarly to aeration in static culture dishes and orbital shaking 
[10,31]. We observed complete depletion of oxygen after 6-12 hours in the bioreactor 
culture, followed by a decrease in cell growth and viability compared to a parallel 
culture in dishes, albeit only after 24 hours (Figures 1A-C; representative experiment). 
Continuous sparging of air + 5% CO2 caused excessive foam production, with cell 
debris accumulating in foam (data not shown). Proliferation and viability were restored 
to levels similar or better compared to those of static cultures when headspace aeration 
was complemented with sparging triggered when the measured dissolved oxygen (dO2) 
concentration was lower than 2.88 mg O2/L (equivalent to 40% of saturation with air; 
a setpoint typically used in STR mammalian cell cultures; [71–73]) (Figures 1B-C). No 
foaming was observed under these conditions.

The results prompted to measure the oxygen consumption, for which smaller culture 
volumes were used (in standardized 0.5 L bioreactors) with headspace aeration (100 
mL/min of air + 5% CO2) and an increased stirring speed (200 rpm; marine impeller; 
tip speed = 293 mm/s). Day 9 expansion cultures, established from PBMCs, were 
measured throughout 6 subsequent days of proliferation. Cell numbers were assessed 
daily, and cultures were diluted with fresh medium, transiently increasing the oxygen 
concentration (Figures 1D-E). A wide variation of dO2 was observed, going from as 
high as 100% of saturation after medium refreshment, to as low as 10% when high cell 
concentrations were reached. Oxygen was not limiting in these cultures, due to the 
higher mass transfer coefficient (kLa = 0.82 1/h), and the lower total oxygen demand 
because of the lower culture volume. The cell-specific oxygen consumption rate (qO2) 
was calculated for 5 independent cultures at distinct days (Supplementary Methods) 
and decreased from 2.01±0.53 at the start of the experiment (day 9 of culture) to 
0.55±0.24 pg/cell/h 6 days later (Figure 1F; Supplementary Figure S1). The decrease in 

2.3. Results

2.2.4. Statistical analysis
Statistical analyses were performed using unpaired two-tailed two-sample equal-
variance Student’s t-test. All data in figures represent the mean ± the standard 
deviation of the measurements. The number of replicates is n=3 for all experiments, 
unless indicated.
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Figure 1. Oxygen can be limiting for erythroblast proliferation in stirred tank bioreactors when headspace aeration is used as sole O2
source. A-C: Erythroblasts were expanded from PBMCs for 9 days, and subsequently seeded in culture dishes (orange line) or in a 1.5 L STR
(working volume: 1 L; stirring speed: 50 rpm; marine down-pumping impeller, diameter: 4.5 cm; 37°C), in which oxygen was provided by gas
flow (air + 5% CO2) in the headspace (0.3 L/min; purple line, no sparging), or by intermittent sparging triggered at <40% dissolved oxygen
(dO2: % of the oxygen saturation concentration at the culture conditions; blue line), while pH (~7.20) was maintained by bicarbonate-buffered
medium in equilibrium with the headspace gas. (A) Dissolved oxygen concentration in the culture was measured continuously. (B) Erythroblast
cell concentration was monitored daily, with medium refreshment if the measured cell concentration was >1.2×106 cells/mL. Fold change (FC)
in cell number was calculated relative to the number of erythroblasts at the start of culture. (C) Culture viability was determined using a trypan
blue dye exclusion method. Panels A-E show data for a representative reactor run. D-F: To determine the oxygen requirements of proliferating
erythroblasts, day 9 cells were inoculated in 0.5 L STRs (working volume: 300 mL; stirring speed: 200 rpm; marine down-pumping impeller,
diameter: 2.8 cm), with a headspace flow of 100 mL/min (air + 5% CO2) as only source of oxygen for the culture. (D) A constant growth rate
was fitted for each time interval between consecutive medium refreshment events. (E) The drop of dissolved oxygen after each medium
refreshment was used to estimate the cell-specific oxygen consumption rate (qO2) for each time interval, using the experimentally determined
mass transfer coefficient (kLa) of 0.82 1/h (see Supplemental Methods). (F) The average cell-specific oxygen consumption rate, qO2, during
erythroblast expansion was calculated as the mean of at 5 independent bioreactor runs (time intervals for which the qO2 was calculated for each
run available in Supplemental Figure S1).
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Figure 1. Oxygen can be limiting for erythroblast proliferation in stirred tank bioreactors 
when headspace aeration is used as sole O2 source. A-C: Erythroblasts were expanded from 
PBMCs for 9 days, and subsequently seeded in culture dishes (orange line) or in a 1.5 L STR 
(working volume: 1 L; stirring speed: 50 rpm; marine down-pumping impeller, diameter: 4.5 cm; 
37 °C), in which oxygen was provided by gas flow (air + 5% CO2) in the headspace (0.3 L/min; 
purple line, no sparging), or by intermittent sparging triggered at <40% dissolved oxygen (dO2: 
% of the oxygen saturation concentration at the culture conditions; blue line), while pH (~7.20) 
was maintained by bicarbonate-buffered medium in equilibrium with the headspace gas. (A) 
Dissolved oxygen concentration in the culture was measured continuously. (B) Erythroblast cell 
concentration was monitored daily, with medium refreshment if the measured cell concentration 
was >1.2×106 cells/mL. Fold change (FC) in cell number was calculated relative to the number of 
erythroblasts at the start of culture. (C) Culture viability was determined using a trypan blue dye 
exclusion method. D-F: To determine the oxygen requirements of proliferating erythroblasts, 
day 9 cells were inoculated in 0.5 L STRs (working volume: 300 mL; stirring speed: 200 rpm; 
marine down-pumping impeller, diameter: 2.8 cm), with a headspace flow of 100 mL/min (air + 
5% CO2) as only source of oxygen for the culture. (D) A constant growth rate was fitted for each 
time interval between consecutive medium refreshment events. (E) The drop of dissolved oxygen 
after each medium refreshment was used to estimate the cell-specific oxygen consumption rate 
(qO2) for each time interval, using the experimentally determined mass transfer coefficient (kLa) 
of 0.82 1/h (see Supplementary Methods). (F) The average cell-specific oxygen consumption rate, 
qO2, during erythroblast expansion was calculated as the mean of at 5 independent bioreactor 
runs (time intervals for which the qO2 was calculated for each run available in Supplementary 
Figure S1). Panels A-E show data for a representative reactor run.
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oxygen consumption mirrored a decrease in cell proliferation (Figure 1D). It was shown 
earlier that cultures undergo limited spontaneous differentiation (as measured in the 
increase of CD235a+/CD71low cells), reducing the expansion rate of the erythroblast 
population [10]. Moreover, differentiating erythroblasts require less oxygen [45]. Such 
enhanced spontaneous differentiation of erythroblasts could explain both the reduced 
proliferation and decreased oxygen consumption.

Although headspace aeration can ensure oxygen availability in 0.5 L bioreactor cultures, 
a faster aeration system will be required to ensure sufficient O2 supply in cultures with 
increased volume or higher cell density. Additionally, due to the limited transfer rate, 
the dissolved oxygen level cannot be controlled well using headspace aeration only 
(i.e. long response times), which makes the evaluation of the effect of specific dO2 
concentrations on erythroblast cultures challenging.

2.3.2. Controlled aeration supports erythroblast expansion in               	
	 stirred tank bioreactors

To improve the dO2 control in 0.5 L bioreactors, we used intermittent sparging of air, 
combined with a continuous headspace flow of nitrogen (100 mL N2/min) to strip excess 
O2 from the culture and drive dO2 to the desired setpoint (40% dO2) (Supplementary 
Figure S2A). Intermittent sparging of CO2 controlled the pH (=7.5; Supplementary 
Figure S2B).

Day 9 PBMC-derived erythroblast cultures were seeded in the bioreactors at an initial 
cell concentration of 0.7×106 cells/mL (Figure 2A). Erythroblasts seeded in culture dishes 
were cultured in parallel using similar medium refreshment conditions as reference.

The growth profile was comparable between bioreactor and static cultures, showing a 
750-fold increase in cell number after 10 days of culture (resp. day 9 to day 18 counting 
from PBMC isolation and seeding; Figure 2B). No significant difference was found 
between the viability of bioreactor and dish cultures (day 10 PI- events: 92.9%±1.1% 
in bioreactors, 94.5%±0.4% in culture dishes; Figure 2C). Flow cytometry indicated 
that most cells were committed to the erythroid lineage at the start of the bioreactor 
culture (<10% CD235a-/CD71- cells; >70% CD235a+; Figure 2D; gating strategy available 
in Supplementary Figure S3). Although sustained proliferation of CD235a+/CD49d+/
CD71high erythroblasts can be maintained in presence of EPO, hSCF and dexamethasone, 
some spontaneous differentiation can take place, initially leading to an increase in 
CD235a+ cells, and a subsequent gradual decrease of CD49d and CD71 expression. Both 
in bioreactors and dishes the percentage of CD235a+/CD71low and CD235a+/CD49d- 
cells was maintained lower than 10% during the whole cultivation (Figures 2D-E). 
During the last 5 days of the experiment (day 14-19 after seeding PBMCs), the mean 
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Figure 2. Efficient expansion of erythroblasts can be achieved in stirred tank bioreactors. Erythroblasts were expanded from PBMCs for 9
days, and subsequently seeded in culture dishes (orange lines) or STRs (blue lines) at a starting cell concentration of 0.7×106 cells/mL. STRs
were run with a constant N2 headspace flow to fully control dO2 and pH. (A) Cells were cultured using a sequential batch feeding strategy:
medium was refreshed when the cell concentration (measured daily) was >1.2×106 cells/mL. (B) Cell concentration during 10 days of expansion
(fold change (FC) compared to start of the culture). (C-E) Cells were stained with propidium iodide (PI; the percentage of PI- cells indicate the
% of viable cells) (C), and with CD235a plus CD71 (D), or CD235a plus CD49d (E) (gating strategy available in Supplemental Figure S3). (F)
Mean cell diameter (of cells >5 µm) was measured daily. (G) Cytospin cell morphology by May-Grünwald-Giemsa (Pappenheim) staining of
cultures after 10 days of expansion. All data is displayed as mean ± SD (error bars; n=3 reactor runs / donors). Significance is shown for the
comparison with dish cultures (unpaired two-tailed two-sample equal-variance Student’s t-test; *P<0.05, **P<0.01, ***P<0.001, not displayed
if difference is not significant).
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Figure 2. Efficient expansion of erythroblasts can be achieved in stirred tank bioreactors. 
Erythroblasts were expanded from PBMCs for 9 days, and subsequently seeded in culture dishes 
(orange lines) or STRs (blue lines) at a starting cell concentration of 0.7×106 cells/mL. STRs were 
run with a constant N2 headspace flow to fully control dO2 and pH. (A) Cells were cultured 
using a sequential batch feeding strategy: medium was refreshed when the cell concentration 
(measured daily) was >1.2×106 cells/mL. (B) Cell concentration during 10 days of expansion (fold 
change (FC) compared to start of the culture). (C-E) Cells were stained with propidium iodide 
(PI; the percentage of PI- cells indicate the % of viable cells) (C), and with CD235a plus CD71 (D), 
or CD235a plus CD49d (E) (gating strategy available in Supplementary Figure S3). (F) Mean cell 
diameter (of cells >5 µm) was measured daily. (G) Cytospin cell morphology by May-Grünwald-
Giemsa (Pappenheim) staining of cultures after 10 days of expansion. All data is displayed as 
mean ± SD (error bars; n=3 reactor runs / donors). Significance is shown for the comparison with 
dish cultures (unpaired two-tailed two-sample equal-variance Student’s t-test; *p<0.05, **p<0.01, 
***p<0.001, not displayed if difference is not significant).
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cell diameter gradually decreased (Figure 2F). Staining with AnnexinV and DRAQ7 
indicated only a low percentage of apoptotic or dead cells (Supplementary Figure S3D), 
whereas cytospins indicated a large portion of cells with condensed nuclei (Figure 2G), 
indicative of spontaneous differentiation. Thus, spontaneous differentiation, rather 
than decreased viability, reduced the proliferative capacity of day 17-19 cultures. 
Importantly, this was similar between static cultures and cells cultured in bioreactors.

2.3.3. Effect of dO2 concentration on erythroblast expansion 
           cultures
Standard mammalian cell culture conditions are mostly hyperoxic compared to their 
native in vivo niche, potentially leading to oxidative stress and impaired growth [61]. The 
40% dO2 used in our initial experiments, equivalent to 2.88 mg O2/mL, is 5-fold higher 
than the oxygen concentration in the bone marrow compartment in which erythroblast 
proliferation and differentiation takes place (0.6 mg O2/mL; [62]). Therefore, we tested 
whether BM-mimicking oxygen concentrations also supported erythroblast expansion. 
Bioreactor cultures at 10% dO2 (0.72 mg O2/L) showed comparable cell yields to dish 
conditions (Figure 3A), while requiring lower volumes of sparged air compared to 40% 
dO2 (Supplementary Figure S4A). A continuous decrease of growth rate, from 0.78±0.19 
1/day to 0.45±0.05 1/day after 8 days of culture, was observed in bioreactor cultures at 
10% dO2. By contrast, in hyperoxic bioreactor cultures (dO2 = 40%) the growth rate was 
stable at ~0.78 1/day for the first 5 days of culture, followed by a decrease to 0.38±0.12 
1/day at day 8 of cultivation (Figure 3B; growth rates calculated using cell counts 
available in Supplementary Figure S4C).

Figure 3. Low dissolved oxygen concentration support erythroblast expansion. 
Erythroblasts were expanded from PBMCs for 9 days, and subsequently seeded in culture 
dishes (orange line) or STRs (100 mL/min N2 headspace flow) at a starting cell concentration 
of 0.7×106 cells/mL. Dissolved oxygen was controlled by air sparging when below the targeted 
setpoint (10% (purple line) or 40% (blue line), equivalent to 0.72 and 2.88 mg O2/L respectively), 
and by stripping of excess oxygen using 100 mL/min N2 headspace flow. (A) Cell concentration 
monitored for 8 days of culture, with medium refreshment when the measured cell concentration 
(daily) was >1.2×106 cells/mL. Fold change (FC) in cell number was calculated using the number 
of erythroblasts at the start of culture. (B) Growth rate was calculated for each day using the 
total biomass concentration (μm3 of total cell volume per mL of culture) assuming exponential 
growth between consecutive media refreshment events. (C) Mean cell diameter was measured 
daily. (D-E) Cells were stained with CD235a plus CD71 (D), or CD235a plus CD49d (E). (F) 
Cell-specific lactate production rate (qlac,vol) calculated using growth rate data and measured 
extracellular lactate concentrations (see Supplementary Methods). All data is displayed as mean 
± SD (error bars; n=3 reactor runs / donors, unless indicated otherwise). Significance is shown 
for the comparison with dish cultures (unpaired two-tailed two-sample equal-variance Student’s 
t-test; *p<0.05, **p<0.01, ***p<0.001, not displayed if difference is not significant). Growth rates 
and qlac calculated using cell counts available in Supplementary Figure S4. 
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Figure 3. Low dissolved oxygen concentration support erythroblast expansion.
Erythroblasts were expanded from PBMCs for 9 days, and subsequently seeded in culture
dishes (orange line) or STRs (100 mL/min N2 headspace flow) at a starting cell
concentration of 0.7×106 cells/mL. Dissolved oxygen was controlled by air sparging
when below the targeted setpoint (10% (purple line) or 40% (blue line), equivalent to
0.72 and 2.88 mg O2/L respectively), and by stripping of excess oxygen using 100
mL/min N2 headspace flow. (A) Cell concentration monitored for 8 days of culture, with
medium refreshment when the measured cell concentration (daily) was >1.2×106
cells/mL. Fold change (FC) in cell number was calculated using the number of
erythroblasts at the start of culture. (B) Growth rate was calculated for each day using the
total biomass concentration (μm3 of total cell volume per mL of culture) assuming
exponential growth between consecutive media refreshment events. (C) Mean cell
diameter was measured daily. (D-E) Cells were stained with CD235a plus CD71 (D), or
CD235a plus CD49d (E). (F) Cell-specific lactate production rate (qlac,vol) calculated
using growth rate data and measured extracellular lactate concentrations (see
Supplemental Methods). All data is displayed as mean ± SD (error bars; n=3 reactor runs
/ donors, unless indicated otherwise). Significance is shown for the comparison with dish
cultures (unpaired two-tailed two-sample equal-variance Student’s t-test; *P<0.05,
**P<0.01, ***P<0.001, not displayed if difference is not significant). Growth rates and
qlac calculated using cell counts available in Supplemental Figure S4.
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Figure 3. Low dissolved oxygen concentration support erythroblast expansion.
Erythroblasts were expanded from PBMCs for 9 days, and subsequently seeded in culture
dishes (orange line) or STRs (100 mL/min N2 headspace flow) at a starting cell
concentration of 0.7×106 cells/mL. Dissolved oxygen was controlled by air sparging
when below the targeted setpoint (10% (purple line) or 40% (blue line), equivalent to
0.72 and 2.88 mg O2/L respectively), and by stripping of excess oxygen using 100
mL/min N2 headspace flow. (A) Cell concentration monitored for 8 days of culture, with
medium refreshment when the measured cell concentration (daily) was >1.2×106
cells/mL. Fold change (FC) in cell number was calculated using the number of
erythroblasts at the start of culture. (B) Growth rate was calculated for each day using the
total biomass concentration (μm3 of total cell volume per mL of culture) assuming
exponential growth between consecutive media refreshment events. (C) Mean cell
diameter was measured daily. (D-E) Cells were stained with CD235a plus CD71 (D), or
CD235a plus CD49d (E). (F) Cell-specific lactate production rate (qlac,vol) calculated
using growth rate data and measured extracellular lactate concentrations (see
Supplemental Methods). All data is displayed as mean ± SD (error bars; n=3 reactor runs
/ donors, unless indicated otherwise). Significance is shown for the comparison with dish
cultures (unpaired two-tailed two-sample equal-variance Student’s t-test; *P<0.05,
**P<0.01, ***P<0.001, not displayed if difference is not significant). Growth rates and
qlac calculated using cell counts available in Supplemental Figure S4.
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Figure 3. Low dissolved oxygen concentration support erythroblast expansion.
Erythroblasts were expanded from PBMCs for 9 days, and subsequently seeded in culture
dishes (orange line) or STRs (100 mL/min N2 headspace flow) at a starting cell
concentration of 0.7×106 cells/mL. Dissolved oxygen was controlled by air sparging
when below the targeted setpoint (10% (purple line) or 40% (blue line), equivalent to
0.72 and 2.88 mg O2/L respectively), and by stripping of excess oxygen using 100
mL/min N2 headspace flow. (A) Cell concentration monitored for 8 days of culture, with
medium refreshment when the measured cell concentration (daily) was >1.2×106
cells/mL. Fold change (FC) in cell number was calculated using the number of
erythroblasts at the start of culture. (B) Growth rate was calculated for each day using the
total biomass concentration (μm3 of total cell volume per mL of culture) assuming
exponential growth between consecutive media refreshment events. (C) Mean cell
diameter was measured daily. (D-E) Cells were stained with CD235a plus CD71 (D), or
CD235a plus CD49d (E). (F) Cell-specific lactate production rate (qlac,vol) calculated
using growth rate data and measured extracellular lactate concentrations (see
Supplemental Methods). All data is displayed as mean ± SD (error bars; n=3 reactor runs
/ donors, unless indicated otherwise). Significance is shown for the comparison with dish
cultures (unpaired two-tailed two-sample equal-variance Student’s t-test; *P<0.05,
**P<0.01, ***P<0.001, not displayed if difference is not significant). Growth rates and
qlac calculated using cell counts available in Supplemental Figure S4.

B ▲ STR 40% dO2
■ STR 10% dO2
● Dish (n=6)

C

Dish STR 10% dO2 Static conditions (dish) STR 10% dO2

▮ Q1: CD235a- CD49d-

▮▮ Q2: CD235a- CD49d+
▮▮ Q3: CD235a+ CD49d+

▮▮ Q4: CD235a+ CD49d-

D

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5 6 7 8

G
ro

wt
h 

ra
te

 μ
vo

l(
1/

da
y)

Time (days in bioreactor)

7

8

9

10

11

0 1 2 3 4 5 6 7 8

M
ea

n 
ce

ll d
ia

m
et

er
 (μ

m
)

Time (days in bioreactor)

0

20

40

60

80

100

0 1 2 3 4 5 6 8

%
 o

f c
el

ls 
in

 g
at

e

Time (days in bioreactor)

▮ P1: CD235a- CD71-

▮▮ P2: CD235a- CD71+
▮▮ P3: CD235a+ CD71+

▮▮ P4: CD235a+ CD71-

E

F ▲ STR 40% dO2
■ STR 10% dO2
● Dish (n=6)

Dish

0

1

2

3

4

5

0 1 2 3 4 5 6 7 8

q la
c,

vo
l(μ

m
ol

/μ
m

3
ce

ll/d
ay

)

Time (days in bioreactor)

▲ STR 40% dO2
■ STR 10% dO2
● Dish (n=6)

* *** *** ** **

* * ** *

* * *** *** **

Figure 3

0

20

40

60

80

100

0 1 2 3 4 5 6 8

%
 o

f c
el

ls 
in

 g
at

e

Time (days in bioreactor)

0

20

40

60

80

100

0 1 2 3 4 5 6 8

%
 o

f c
el

ls 
in

 g
at

e

Time (days in bioreactor)

0

20

40

60

80

100

0 1 2 3 4 5 6 8

%
 o

f c
el

ls 
in

 g
at

e

Time (days in bioreactor)

1
2
4
8

16
32
64

128
256
512

0 1 2 3 4 5 6 7 8

Ce
ll n

um
be

r (
FC

)

Time (days in bioreactor)

A ■ STR (10% dO2)
● Dish

Figure 3. Low dissolved oxygen concentration support erythroblast expansion.
Erythroblasts were expanded from PBMCs for 9 days, and subsequently seeded in culture
dishes (orange line) or STRs (100 mL/min N2 headspace flow) at a starting cell
concentration of 0.7×106 cells/mL. Dissolved oxygen was controlled by air sparging
when below the targeted setpoint (10% (purple line) or 40% (blue line), equivalent to
0.72 and 2.88 mg O2/L respectively), and by stripping of excess oxygen using 100
mL/min N2 headspace flow. (A) Cell concentration monitored for 8 days of culture, with
medium refreshment when the measured cell concentration (daily) was >1.2×106
cells/mL. Fold change (FC) in cell number was calculated using the number of
erythroblasts at the start of culture. (B) Growth rate was calculated for each day using the
total biomass concentration (μm3 of total cell volume per mL of culture) assuming
exponential growth between consecutive media refreshment events. (C) Mean cell
diameter was measured daily. (D-E) Cells were stained with CD235a plus CD71 (D), or
CD235a plus CD49d (E). (F) Cell-specific lactate production rate (qlac,vol) calculated
using growth rate data and measured extracellular lactate concentrations (see
Supplemental Methods). All data is displayed as mean ± SD (error bars; n=3 reactor runs
/ donors, unless indicated otherwise). Significance is shown for the comparison with dish
cultures (unpaired two-tailed two-sample equal-variance Student’s t-test; *P<0.05,
**P<0.01, ***P<0.001, not displayed if difference is not significant). Growth rates and
qlac calculated using cell counts available in Supplemental Figure S4.
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Figure 3. Low dissolved oxygen concentration support erythroblast expansion.
Erythroblasts were expanded from PBMCs for 9 days, and subsequently seeded in culture
dishes (orange line) or STRs (100 mL/min N2 headspace flow) at a starting cell
concentration of 0.7×106 cells/mL. Dissolved oxygen was controlled by air sparging
when below the targeted setpoint (10% (purple line) or 40% (blue line), equivalent to
0.72 and 2.88 mg O2/L respectively), and by stripping of excess oxygen using 100
mL/min N2 headspace flow. (A) Cell concentration monitored for 8 days of culture, with
medium refreshment when the measured cell concentration (daily) was >1.2×106
cells/mL. Fold change (FC) in cell number was calculated using the number of
erythroblasts at the start of culture. (B) Growth rate was calculated for each day using the
total biomass concentration (μm3 of total cell volume per mL of culture) assuming
exponential growth between consecutive media refreshment events. (C) Mean cell
diameter was measured daily. (D-E) Cells were stained with CD235a plus CD71 (D), or
CD235a plus CD49d (E). (F) Cell-specific lactate production rate (qlac,vol) calculated
using growth rate data and measured extracellular lactate concentrations (see
Supplemental Methods). All data is displayed as mean ± SD (error bars; n=3 reactor runs
/ donors, unless indicated otherwise). Significance is shown for the comparison with dish
cultures (unpaired two-tailed two-sample equal-variance Student’s t-test; *P<0.05,
**P<0.01, ***P<0.001, not displayed if difference is not significant). Growth rates and
qlac calculated using cell counts available in Supplemental Figure S4.
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Figure 3. Low dissolved oxygen concentration support erythroblast expansion.
Erythroblasts were expanded from PBMCs for 9 days, and subsequently seeded in culture
dishes (orange line) or STRs (100 mL/min N2 headspace flow) at a starting cell
concentration of 0.7×106 cells/mL. Dissolved oxygen was controlled by air sparging
when below the targeted setpoint (10% (purple line) or 40% (blue line), equivalent to
0.72 and 2.88 mg O2/L respectively), and by stripping of excess oxygen using 100
mL/min N2 headspace flow. (A) Cell concentration monitored for 8 days of culture, with
medium refreshment when the measured cell concentration (daily) was >1.2×106
cells/mL. Fold change (FC) in cell number was calculated using the number of
erythroblasts at the start of culture. (B) Growth rate was calculated for each day using the
total biomass concentration (μm3 of total cell volume per mL of culture) assuming
exponential growth between consecutive media refreshment events. (C) Mean cell
diameter was measured daily. (D-E) Cells were stained with CD235a plus CD71 (D), or
CD235a plus CD49d (E). (F) Cell-specific lactate production rate (qlac,vol) calculated
using growth rate data and measured extracellular lactate concentrations (see
Supplemental Methods). All data is displayed as mean ± SD (error bars; n=3 reactor runs
/ donors, unless indicated otherwise). Significance is shown for the comparison with dish
cultures (unpaired two-tailed two-sample equal-variance Student’s t-test; *P<0.05,
**P<0.01, ***P<0.001, not displayed if difference is not significant). Growth rates and
qlac calculated using cell counts available in Supplemental Figure S4.
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Cell size also decreased faster during the culture period at 10% dO2 (Figure 3C). This 
may indicate partial differentiation within the population of CD235a+/CD71+/CD49d+ 
population, or a reduced protein synthesis at this lower O2 concentration [74]. Although 
the percentage of CD235a+/CD49d-/CD71low cells increased during culture, this was 
similar between bioreactors at 10% dO2 and standard static cultures (Figure 3D-E). 
Lactate, typically produced by aerobic glycolysis and glutaminolysis, may negatively 
influence erythroblast growth and viability. Extracellular lactate concentrations were 
typically <6 mM during culture in bioreactors or culture dishes (Supplementary Figure 
S2E). Nevertheless, a consistently lower cell-specific lactate production rate (qlac,vol) was 
observed in bioreactor conditions both at 10 and 40% dO2, compared to culture dishes 
(>20% reduction; Figure 3F; qlac,counts available in Supplementary Figure S4D), suggesting 
a higher rate of aerobic glycolysis in static cultures. The qlac values decreased after 4 
days of culture in both bioreactors and dish cultures to the same extent, which may 
be due to the concurrent reduction in growth rate. In addition to lactate, ammonia is a 
common inhibitor of cell proliferation. The ammonia production, however, was similar 
in bioreactor runs at 10% or 40% dO2 and in standard dish cultures (Supplementary 
Figure S4B,E).

Although a 10% dO2 setpoint is closer to the physiological oxygen concentrations in 
which erythroblasts proliferate in vivo, we conclude that the lower dO2 does not alter 
growth or spontaneous differentiation compared to a 40% dO2 setpoint.

2.3.4. Shear stress affects erythroblast proliferation during 
          expansion cultures

Shear stress is another critical parameter in mammalian cell cultures. It can have a 
negative effect on growth and viability [75], whereas insufficient stirring speeds leads to 
inadequate mixing and aeration when scaling up [57]. To evaluate the effect of stirring 
speed on erythroblast proliferation, erythroblasts were inoculated in 0.5 L bioreactors, 
and the impeller speed was increased from 200 rpm to 600 rpm (tip speed = 880 mm/s) 
and 1800 rpm (tip speed = 2640 mm/s). After 6 days of culture, a 87.2±2.7-fold change 
in cell number was observed in the 600 rpm cultivations (Figure 4A), similar to the 
growth levels previously observed at 200 rpm and in static cultures. By contrast, an 
agitation speed of 1800 rpm reduced proliferation during the first 4 days of culture, 
which, however, recovered to values comparable to those observed at 600 rpm after 6 
days of culture (Figure 4B).

The increase in stirring speed to 600 rpm did not enhance spontaneous differentiation, 
with only 12.1±2.8% cells in the most differentiated CD235+ CD49d- compartment at 
day 6. At 1800 rpm, however, CD49d expression decreased in the first 3 days of culture, 
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Figure 4. High stirring speeds can sustain erythroblast expansion. Erythroblasts were 
expanded from PBMCs for 9 days, and subsequently seeded in culture dishes (orange line) or 
STRs (dO2: 40% controlled by sparging of air; 100 mL/min N2 headspace flow) at a starting cell 
concentration of 0.7×106 cells/mL, under agitation at 200 (blue line), 600 (purple line) or 1800 rpm 
(yellow line). (A) Cells were maintained between 0.7 and 1.5×106 cells/mL by dilution with fresh 
medium. Cumulative cell numbers were calculated and represented as fold change (FC) compared 
to the start of the experiment. (B) Growth rate for each day was calculated assuming exponential 
growth between consecutive media refreshment events. (C) Cells were stained with CD235a 
plus CD49d to evaluate the progression of spontaneous differentiation during culture. All data 
is displayed as mean ± SD (error bars; n=3 reactor runs / donors, unless indicated otherwise). 
Significance is shown for the comparison with dish cultures (unpaired two-tailed two-sample 
equal-variance Student’s t-test; *p<0.05, **p<0.01, ***p<0.001, not displayed if difference is not 
significant).
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stabilizing in the following days (Figure 4C). Cell cycle progression was not affected by 
the stirring speed (Supplementary Figure S5).

2.3.5. Terminal differentiation of erythroblast cultures in biore	
	 actors
We validated that erythroblasts expanded in bioreactors could be differentiated 
as standard static cultures throughout all conditions (data not shown). To examine 
terminal differentiation in bioreactors, day 10 PBMC-derived erythroblast cultures were 
seeded in differentiation medium at a starting cell concentration of 1.5×106 cells/mL, 
both in bioreactors and culture dishes (Figure 5A). Bioreactors were controlled with the 
same conditions as in the reference expansion phase (40% dO2, pH 7.5, 200 rpm, 37 °C). 
During the first 3 days of differentiation, cell numbers increased in both systems. 
Simultaneously, sparging was required to maintain dO2 at 40% (Supplementary Figure 
S6). This was followed by a cell cycle arrest in both static and bioreactor conditions. 
Bioreactor cultures showed a gradual decrease in cell numbers until the end of culture, 
while cell numbers in static conditions remained similar (Figure 5B). Concurrently, the 
dO2 concentration increased in absence of sparging after 4 days of culture. A similar 
decrease in cell numbers was also observed for differentiating erythroblasts subjected 
to orbital shaking compared to static controls (manuscript in preparation). Here, the 
decrease was shown to originate from a disintegration of stiff pyrenocytes, whereas the 
number of enucleated and more flexible reticulocytes remained constant.

Differentiation was evident from a decrease in mean cell diameter in bioreactors and 
culture dishes (Figure 5C) with a concomitant loss of CD49d and CD71 expression 
(Figure 5D-E). Hemoglobin accumulation and enucleation efficiency was also similar 

Figure 5. Erythroblast differentiation can be achieved in stirred tank bioreactors. Erythroblasts 
were expanded from PBMCs for 10 days, and subsequently seeded in differentiation medium at a 
starting cell concentration of 1×106 cells/mL. (A) Cells were transferred to culture dishes or STRs 
and kept in culture for 11 subsequent days without medium refreshment. (B) Cell concentration 
during 11 days of differentiation in STRs (blue symbols) and dishes (orange symbols). (C) Mean 
cell diameter was measured daily. (D-E) Cells were stained with CD235a plus CD49d (D), or 
CD235a plus CD71 (E), and percentages in each quadrant are shown. (F) Enucleation percentage 
of erythroid cells was calculated from the forward scatter and DRAQ5 staining. DRAQ5- cell 
numbers (reticulocytes, R) were divided by the sum of small DRAQ5+ events (nuclei, N + 
reticulocytes, R). (G) Hemoglobin was measured in arbitrary units (a.u.) and the intracellular 
hemoglobin concentration was calculated using the total cell volume. (H) Representative cytospin 
cell morphology by May-Grünwald-Giemsa (Pappenheim) staining of bioreactor cultures during 
differentiation. All data is displayed as mean ± SD (error bars; n=3 reactor runs / donors). Significance 
is shown for the comparison with dish cultures (unpaired two-tailed two-sample equal-variance 
Student’s t-test; *p<0.05, **p<0.01, ***p<0.001, not displayed if difference is not significant).
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in static and stirred bioreactors (Figure 5F-G). Presence of enucleated cells and 
egressed nuclei was confirmed by cytospins (Figure 5H). In conclusion, erythroblast 
differentiation could also be supported in our stirred bioreactor systems, reaching similar 
levels of enucleation to those of culture dishes, albeit with slightly lower cell yields.

2.3.6. Expansion cultures can be scaled up to 3L bioreactors

Knowing the boundaries of cultured erythroblast in STRs enabled us to scale-up from 
300 mL cultures in 500 mL STRs to larger volumes. Day 8 erythroblasts cultures from 
PBMCs were seeded at a density of 0.7×106 cells/mL in a 500 mL STR (initial culture 
volume = 100-150 mL), and cell density was adjusted daily to 0.7×106 cells/mL by 
adding more medium. When the volume surpassed 400 mL, cells were transferred to a 
3 L STR (minimum working volume = 800 mL), operated with a tip speed similar to that 
tested in 0.5 L bioreactors (300 mm/s; single down-pumping marine impeller; diameter 
= 5 cm; 115 rpm). Medium was added to maintain cell density until a total volume of 
2.5 L was reached. Subsequently, the total volume was maintained at 2.5 L and excess 
cells were removed (Figure 6A-B). The cell cultures proliferated exponentially for 9 
subsequent days achieving an average 196-fold increase in the 3L STR, and 234-fold 
under static conditions (Figure 6C). Interestingly, the variation between 3 cultures was 
smaller in the STR (range: 112-280-fold) compared to the same cultures expanded in 
dishes (range: 51-462-fold). After 9 days of culture, there was no difference in viability 
or differentiation stage of the cells (Figure 6D-E; Supplementary Figure S7A). Similar 
to the 300 mL cultures, lactate production in 2.5 L STRs was lower compared to static 
conditions (Supplementary Figure S7B).

Figure 6. Scale-up of erythroblast expansion to 3 L stirred tank bioreactors. Erythroblasts 
were expanded from PBMCs for 8 days, and subsequently seeded in culture dishes or 0.5 L stirred 
tank bioreactors (starting volume: 100-200 mL) at a starting cell concentration of 0.7×106 cells/
mL. (A) Cells were kept in culture following a fed batch feeding strategy in which medium 
was refreshed if the measured cell concentration (daily) was >1.2×106 cells/mL. Upon reaching 
a total number of >400 million cells, the culture was transferred to a 3.0 L bioreactor (starting 
volume: 800 mL; 115 rpm with marine down-pumping impeller, diameter: 5.0 cm), which was 
progressively filled by daily medium additions. (B) Culture volume in the bioreactor for an 
exemplary run. Transition from the 0.5 L to the 3 L reactor was performed at day 3 of culture 
(red arrow). Upon filling of the 3 L reactor (blue arrow), excess cells were harvested daily to keep 
a working volume of 2.5-2.7 L. (C) Erythroblast cell concentration was monitored for 9 days of 
culture. Fold change (FC) in cell number was calculated relative to erythroblast numbers at the 
start of culture. The same preculture was seeded in parallel in the STR and in a dish. (D-E) Cells 
were stained with AnnexinV (apoptosis staining) and DRAQ7 (cell impermeable DNA stain) (D), 
or CD235a plus CD49d (erythroid differentiation markers). Percentage of cells in each quadrant 
is included. (E). All data is displayed as mean ± SD (error bars; n=3 reactor runs / donors).
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Efficient cRBC production requires the transition from static culture systems to scalable 
cultivation platforms. We established the process conditions (oxygen and agitation) 
required for effective expansion and differentiation of erythroblast cultures in STRs. 
Oxygen availability was critical during expansion of erythroblast cultures, whereas 
the requirement for oxygen decreased during terminal differentiation. Stirring speeds 
required for a homogeneous distribution of cells in the bioreactor did not affect cell 
growth or differentiation. Only much elevated stirring speeds led to a temporary cell 
growth arrest and an acceleration in spontaneous erythroblast differentiation. Within 
the operating boundaries established in this study, the STR culture volume could be 
scaled up from 300 mL to 2500 mL. Whereas static cultures show some variation in 
their expansion potential, STR cultures proved to be more reproducible, which adds to 
the reliability of the process.

2.4.1. Oxygen requirements of erythroblast in culture
Using a combination of headspace N2 gas flow and intermittent air allowed us to 
tightly control dO2 in our bioreactor cultures. While low dO2 setpoints can reduce the 
overall sparging requirements of the culture and are closer to the in vivo hematopoietic 
niche, no significant improvement on growth, lactate accumulation or spontaneous 
differentiation was observed in our experiments when the dO2 setpoint was decreased 
from 40% to 10%. Although oxygen concentration setpoints lower than 10% dO2 may 
enhance proliferation, maintaining a constant dO2 <10% in our set-up is technically 
challenging due to the noise in dO2 readings and the oscillations caused by the discrete 
sparging events. This could be addressed by using oxygen probes with lower response 
times or with aeration strategies in which gas composition is adjusted based on the dO2 
measurements, avoiding large oxygen concentration peaks during sparging. Studying 
the effect of lower and fluctuating dO2 concentrations can provide further information 
on the potential challenges that could be faced in the large bioreactors required for the 
production of the required number of cRBCs for a single transfusion unit, in which 
oxygen and nutrient gradients are difficult to avoid, and the risk of having oxygen-
limited regions is higher [76,77].

The oxygen requirements of erythroblasts decreased during culture, from 2.01 to 0.55 
pg/cell/h, and increasingly less during terminal differentiation. These values explain 
the fast decrease in dO2 concentration in the initial 2 L bioreactor experiments, in 
which the kLa (0.27 1/h; headspace aeration only) could only support theoretical early 
erythroblast concentrations of <0.97×106 cells/mL. Seahorse assays, used to quantify 
glycolysis and mitochondrial oxidative phosphorylation of cells by measuring oxygen 

2.4. Discussion
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consumption rates and extracellular acidization rates, have been reported for cultured 
erythroblasts. However, these assays are performed with low cell numbers and using 
medium with a composition different to that used for culture, potentially resulting in 
qO2 values not representative of the culture conditions [78]. Bayle et al. reported much 
lower qO2 values for their bioreactor cultures, decreasing from 0.063 pg/cell/h for early 
erythroblasts to 0.017 pg/cell/h in the later stages of differentiation [45]. A similar 
decrease in oxygen requirements during erythroid differentiation was described 
by Browne et al., from 2.84 to 0.13 pg/cell/h for proerythroblasts and reticulocytes, 
respectively [79]. This decrease in oxygen requirement could be a result of mitophagy 
at terminal stages of erythroblast differentiation decreasing mitochondria numbers and 
marking the shift to anaerobic metabolism as occurring in RBCs [80–82]. Differences 
between our measured qO2 values and those previously reported could be explained 
by differences in the differentiation status of erythroid cells used at the start of the 
bioreactor cultures, culture medium composition or oxygen concentration [83]. Of 
note, our values are in agreement with measured oxygen uptake rates of other human 
cell lines (0.4-6.2 pg O2/cell/h; [84]). We suggest using continuous dO2 measurements 
and the dynamic method to estimate qO2 in erythroid cultures, as other methods such 
as using offgas data are difficult to implement due to the low oxygen consumption rates 
of mammalian cell cultures [85].

In this study, we used (intermittent) air sparging, together with a constant headspace 
nitrogen gas flow to enable a fast control of dissolved oxygen and pH levels. Although 
the constant nitrogen flow leads to stripping of oxygen from the liquid, which was 
compensated by additional sparging, cell growth was similar to that observed in the 
reference static cultures in dishes. Furthermore, this strategy did not lead to significant 
foaming in the 0.5 L nor the 3 L bioreactor cultures (note that the medium has a low 
protein content; 0.1% w/w of albumin). This strategy can probably be applied for larger 
bioreactor cultures as well, especially when enriching the aeration with pure oxygen 
[86]. Although dissolved CO2 levels in bioreactor cultures (pCO2 = 10-40 mmHg; data 
not shown) were similar to those under physiological conditions, CO2 accumulation 
may represent a challenge for further scale up or at higher cell density cultures, for 
which CO2 stripping via sparging will become more relevant [87,88].

Foaming due to excessive sparging can negatively affect the process’ performance by 
aggregation of expensive growth factors and other proteins in the foam layer [59,89], 
and an increased risk for the sterility of the process during a putative foam-out event 
[90]. In case significant foaming appears, antifoams could be applied. Nevertheless, care 
has to be taken as there are reports that these reagents negatively affect mass transfer 
and cell growth [91–93]. For example, pluronic F68, a non-silicone-based copolymer 
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antifoaming agent, reduces attachment of cells to rising gas bubbles, minimizing their 
exposure to bubble bursting [94–97]. However, effects of pluronics on cell strength and 
stiffness, cell aggregation, and membrane trafficking processes have been described 
previously [97–100]. For erythroid cultures, pluronics can reduce enucleation efficiency 
and potentially increase RBC aggregation [45,101]. Other antifoam agents such as 
those based on silicone polymers can be problematic, as they can negatively affect 
equipment, decrease the efficiency of downstream steps, and have a toxic effect upon 
injection in patients [102,103]. 

Antifoam addition has minimal effects on protecting cells to high gas entrance velocities, 
a major contributor of sparging-induced shear [56,104]. Thus, we suggest the usage of 
spargers with larger pore sizes for larger scale bioreactor erythroid cultures to reduce 
the impact of high shear caused by bubble formation and detachment from the sparger. 
Even more promising is to replace sparging by a membrane gas exchanger, although 
cells could be exposed to new shear due to the continuous recirculation through the 
system. Furthermore, the cultivation system gets much more complex and the cost of 
the process increases [105].

2.4.2. Erythroid expansion cultures are robust to high stirring       	
	 speeds
This study shows that erythroblast expansion cultures can withstand agitation speeds 
of up to 600 rpm (tip speed = 880 mm/s), without negatively affecting growth, viability 
or the differentiation stage of the cells. Surprisingly, very high stirring speeds (1800 
rpm) led to a temporary arrest in growth, followed by a recovery after 5-6 days, 
accompanied by an acceleration in erythroid differentiation as reported previously for 
erythroid cultures in flasks under orbital shaking [31]. This recovery in growth could 
be explained by an adaptation of culture cells to these turbulent conditions, or by the 
selection of erythroblast cells more tolerant to agitation during the first days of culture. 
A more thorough characterization of this adaptation on not only the erythroblast 
transcriptome but also at the lipidomic and metabolomic level will need to be performed 
to identify (signaling) pathways triggered by this mechanical stress, the nature of the 
adaptative response (e.g. membrane composition remodeling), and to determine the 
mechanism under which erythroid differentiation is promoted under these conditions.

Interestingly, other studies have reported less tolerance of erythroblast cultures to 
agitation. Increased apoptosis, acceleration of erythroid differentiation, and lower 
enucleation levels have been observed in a gyro-rocker bioreactor at low orbital 
speeds (20 rpm) [29]. Bayley et al. also observed a decrease in proliferation in stirred 
bioreactors compared to static cultures, although no significance difference on growth 
was observed between stirring speeds of 300 and 450 rpm (tip speeds = 180 and 270 
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mm/s, respectively) [45]. Han et al. observed a dependence on the inoculum age to 
agitation tolerance, with proerythroblast and basophilic erythroblast cultures showing 
a quick decrease in growth and viability in microbioreactors agitated at 300 rpm 
(tip speed = 180 mm/s), while more mature cells (day 12 after CD34+ isolation and start 
of culture), could tolerate the same conditions [42]. However, it is difficult to directly 
compare the hydrodynamic conditions between these reports, partly due to differences 
in the culture set-up but also due to a lack of consensus on which mixing parameter 
(rpm, tip speed, volumetric power input) is more appropriate to do this comparison, 
which together co-define the dynamic shear stress experienced by cells. Local turbulent 
energy dissipation rate (EDR) has been suggested as an alternative parameter to define 
optimal ranges of agitation for mammalian cell culture [106]. Supporting the relevance 
of energy dissipation rate, it has been recently reported that turbulence and not shear 
stress is critical for large scale platelet production [107]. Estimates of EDR in STRs could 
be useful to rationally drive the scale-up of the process, ensuring limited exposure of 
erythroblast to excessive hydrodynamic forces.

Although the effect of shear stress and EDR can be evaluated in STRs by varying the 
agitation rate, changes in stirring speed also affect the mass transfer rate between the 
gas and liquid phases, impacting the aeration requirements to control dO2 and pH at 
the defined setpoints. This, in turn, can influence the exposure of cells to high local O2 
(and CO2, if pH is controlled with this gas) concentrations and to high EDR regions 
due to bubble bursting phenomena [59]. A full uncoupling of agitation and aeration is 
challenging, as other aeration strategies such as using submerged oxygen-permeable 
membranes, can also lead to undesired effect such as very high local O2 concentrations 
[108–110].

2.4.3. Quantification of metabolite consumption/production 	
	 rates in erythroid culture
We observed a decrease in erythroblast proliferation during expansion cultures, with 
growth rates as low as ~0.3 1/day at the end of the cultures. Growth limitations in 
erythroblast batch and fed-batch cultures has been previously reported, but the 
origin of this limitation has not been identified yet [45,111]. Here we report lactate 
and ammonium concentrations below 6 and 0.6 mM respectively, which are lower 
than typical growth-inhibiting concentrations for other animal cell lines [112–114]. 
Interestingly, we measured lactate production rates (qlac) of 0.5-2.5 pmol/cell/day, 
significantly lower than those reported for other erythroid cultures (3-12 pmol/cell/
day; [32,43,45,115]). Dissolved oxygen concentration in the bioreactor did not have 
a significant effect on qlac, but static cultures consistently showed higher rates in 
later days of culture. Oxygen limitations caused by low oxygen concentrations (<10% 
dO2) in the bottom of culture dishes could lead to an increase in anaerobic glycolysis 
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rates in erythroblasts cultured under static conditions, leading to the observed lactate 
production [116]. Even at the measured low concentrations, lactate can potentially 
induce activation of erythroid-related genes such as STAT5, affecting erythroid 
differentiation dynamics [117]. Strategies to limit lactate production in culture could be 
implemented, such as feeding profiles that limit glucose concentrations during culture.

2.4.4. Outlook
A 200-fold expansion per PBMC already takes place in the first 8 days of culture 
(before reactor inoculation), still performed under static conditions in culture dishes 
[10], resulting in an overall 200×750 = 150 000-fold expansion after 10 days of culture 
in the bioreactor. The high cell yields in this first culture stage are partly due to the 
positive contribution of CD14+ monocytes/macrophages present in the PBMC pool by 
the production of soluble factors that support erythroblast expansion [118,119]. Full 
translation of our protocol to STRs would require defining operating conditions that 
would support HSC proliferation and macrophages in the first days of culture.

While we could scale-up erythroblast expansion cultures from dishes to 0.5 L and 3.0 L 
bioreactors, the large number of cells required for a single cRBC transfusion unit would 
still require prohibitively large STRs. Perfusion approaches can be used to increase 
cell concentrations, leading to a significant footprint reduction compared to fed-batch 
processes, and potentially to a lower production cost if the perfusion rate and perfusion 
media composition is sufficiently optimized [120,121]. Perfusion processes also support 
a more stable culture environment and cell metabolism, by continuously removing in-
hibitory metabolic byproducts (e.g. lactate and ammonia) and ensuring sufficient nutri-
ent levels during culture [122,123]. The cell-retention strategies required for perfusion 
could also be of value to perform the required medium changes when transitioning 
from proliferation to differentiation in culture, where removal of hSCF is needed for 
efficient maturation and enucleation. We expect our quantitative physiological data 
and observations on the effect of bioreactor operating parameters to be relevant for the 
further scale-up of erythroblast proliferation and differentiation bioreactor cultures, 
and the optimization of feeding regimes with the aim to achieve a cost-effective cRBC 
production process. 
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2.5. Abbreviations

2.6. List of symbols

BM Bone marrow
BSA Bovine serum albumin
CD235a Glycophorin A
CD49d Integrin alpha 4
CD71 Transferrin receptor 1
cRBC Cultured red blood cell
Dex Dexamethasone
EDR Energy dissipation rate
Epo Erythropoietin
EpoR Erythropoietin receptor
FC Fold change
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HIF1α Hypoxia-inducible factor 1, alpha subunit
HSA Human serum albumin
HSC Hematopoietic stem cell
hSCF Human stem cell factor
NFATC2 Nuclear factor of activated T-cells 2
OXPHOS Oxidative phosphorylation
PBMC Peripheral blood mononuclear cell
PBS Phosphate-buffered saline
PI Propidium iodide
RBC Red blood cell
rpm Revolutions per minute
SCF Stem cell factor
STAT5 Signal transducer and activator of transcription 5A
STR Stirred tank reactor
TCA Tricarboxylic acid

Volume of culture (units: L)

Cell concentration (units: cells/mL of culture)

Biomass concentration (units: μm3 of cells/mL of culture)

Total number of cells (units: cells)

Growth rate (units = 1/day). Can be calculated using cell counts 
( counts ) or biomass concentration ( vol )

Doubling time (units = day).

Overall volumetric mass transfer coefficient of the system for oxygen, 
recalculated to a liquid-side mass transfer oxygen composition gradient 
(units = 1/h)
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2.10.1. Cell cycle state measurements using flow cytometry

About 1×106 cells were centrifuged (5 min, 600g), washed with ice-cold PBS, fixed with 
5 mL of ice-cold methanol, and stored at -20 °C until analysis. From this suspension, 
200 000 fixed cells were centrifuged (10 min, 1200g), washed with ice-cold PBS, 
resuspended in FxCycle™ PI/RNase staining solution (Invitrogen), incubated in the 
dark (10 min, 20 °C), and analyzed using an Accuri C6 flow cytometer (BD Biosciences). 
Calculation of the percentages of cells in G0/G1, S, and G2/M phase was done using 
FlowJo™ using the Watson Pragmatic algorithm set to the following parameters: G1 
peak range = 300 000 – 600 000; G1 peak CV = unconstrained; G2 peak = unconstrained; 
G2 peak CV = G1 peak CV.

2.10.2. Calculation of kinetic parameters
Growth rate and doubling time

For the expansion of erythroblasts, cells were cultured following a sequential batch 
feeding strategy in which medium was refreshed if the cell concentration (determined 
daily) was >1.2×106 cells/mL. This leads to cell and metabolite concentrations over 
time as displayed in Supplementary Figure S2C-F. We assumed that cells followed 
exponential growth at a constant rate ( ; 1/day) between consecutive dilution events:

where  is the concentration of cells (in cells/mL),  is the volume of culture (in mL), 
and  is the time of culture (in days).

The maximum growth rate was estimated for each time interval between dilutions, 
using the measured cell concentration post- medium refreshment ( − 1 ) and after 
overnight growth ( ), assuming no change in culture volume between both timepoints 
(i.e. evaporation):

counts
=

ln
− 1

−

− 1

As cell size decrease is characteristic of erythropoiesis, the total volume of cells per 
unit of volume of culture ( ; μm3 of cells per mL of culture) was also used as proxy 
for total biomass concentration. With this biomass concentration, we calculated a 
growth rate that takes into account the progressive decrease in cell size during culture 
( vol ; 1/day):

( )
=

counts

2.10. Supplementary methods

vol =

ln
− 1

−

− 1
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For both counts  and vol , only data of cells with a diameter larger than 7.5 or 5 μm was 
used, respectively. Doubling time was calculated as:

=

ln 2

 
Cell-specific consumption and production rates of metabolites 
Cell-specific consumption/production rates of metabolites were assumed to be 
constant between consecutive medium refreshment events, and were calculated using 
metabolite concentration data and the calculated growth rate:

( lac )
= lac

,
counts

For instance, the cell-specific production rate of lactate ( lac
,
counts ; mol lactate/cell/

day) was calculated as:

lac
,
counts

=
counts

lac
−

lac − 1

−

− 1
 

where lac ( )  is the measured supernatant concentration of lactate (in mol/mL) at 
timepoint . Rates were also calculated using the total biomass concentration (e.g. 

lac
,
vol ; mol lactate/ μm3 cell/day).

Cell-specific oxygen consumption rate
For the determination of the cell-specific oxygen consumption rate ( O 2

; mol O2/cell/h), 
dissolved oxygen data between consecutive medium refreshments (~24 h intervals) was 
fitted to a black box model assuming a constant growth rate and O 2

 in the analyzed 
time interval:

( O 2 )
=

O 2

sat
−

O 2
−

O 2

 
where  is the culture volume (in L), O 2

sat  is the saturation oxygen concentration 
for the culture conditions (7.2 mg O2/L = 0.225 mmol O2/L using air + 5% CO2 at 
atmospheric pressure and 37 °C), O 2

 is the dissolved oxygen concentration in the 
culture (in mol/L, calculated as O 2

= d O 2 × O 2

sat  ), and  is the overall volumetric 
mass transfer coefficient of the system recalculated to a liquid-side mass transfer 
oxygen composition gradient (with  being the specific interfacial area = m2 interfacial 
area/m3 liquid volume) [124]. The cell concentration  (cells/L) was calculated for all 
timepoints of each day using the estimated growth rate:

=

,
0

count
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The value of O 2
 for each day was calculated by iteratively solving the differential 

equation describing O 2
 was and fitting to each 24 h interval of dO2 measurements. 

The value of the overall mass transfer coefficient of the system ( ) was determined 
experimentally for the culture conditions (using water, with equal working volume, 
temperature and pressure) with the dynamic method: oxygen was purged from the 
liquid by nitrogen sparging until reaching a dO2<0.5%, followed by a constant flow of 
air in the headspace of 100 mL/min until close to saturation (dO2>90%). The value of 

 was estimated by fitting of the same black box model to the measured dO2 data, 
with O 2

= 0  [125,126].

2.11. Supplementary figures
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Supplemental Figure S1. Quantification of oxygen requirements of
expanding erythroblasts. Erythroblasts were expanded from PBMCs
for 9 days, and subsequently seeded in 500 mL stirred tank bioreactors
(working volume = 300 mL; stirring speed = 200 rpm; marine down-
pumping impeller with diameter = 2.8 cm) at a starting cell
concentration of 0.7×106 cells/mL. A headspace flow of 100 mL/min
(air + 5% CO2) as only source of oxygen for the culture. Cell-specific
oxygen consumption rates (qO2) was determined via the dynamic
method, using the drop of dO2 after each dilution event and the
calculated growth rate between consecutive medium refreshment
events (see Supplemental Methods). Length of the bars depict the time
interval used for the fitting of the oxygen mass balance model.

Supplemental Figure S1

Supplementary Figure S1. Quantification of oxygen requirements of expanding 
erythroblasts. Erythroblasts were expanded from PBMCs for 9 days, and subsequently seeded 
in 500 mL stirred tank bioreactors (working volume = 300 mL; stirring speed = 200 rpm; marine 
down-pumping impeller with diameter = 2.8 cm) at a starting cell concentration of 0.7×106 cells/
mL. A headspace flow of 100 mL/min (air + 5% CO2) as only source of oxygen for the culture. 
Cell-specific oxygen consumption rates (qO2) was determined via the dynamic method, using 
the drop of dO2 after each dilution event and the calculated growth rate between consecutive 
medium refreshment events (see Supplementary Methods). Length of the bars depict the time 
interval used for the fitting of the oxygen mass balance model.
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Supplemental Figure S2. Expansion of erythroblasts in stirred tank bioreactors. Erythroblasts were expanded from PBMCs for 9 days, and
subsequently seeded in culture dishes or STRs (working volume = 300 mL; stirring speed = 200 rpm; marine down-pumping impeller with
diameter = 2.8 cm; 100 mL/min N2 headspace flow) at a starting cell concentration of 0.7×106 cells/mL. (A) dO2 concentration was continuously
measured and controlled at 40% (equivalent to 2.8 mg O2/L) by sparging of air. (B) pH was continuously measured and controlled at 7.5 by
sparging of CO2. (C) Cell concentration was measured daily during 10 days of expansion. Cells were cultured following a sequential batch
feeding strategy in which medium was refreshed if the daily measured cell concentration was >1.2×106 cells/mL. (D) Total biomass
concentration was calculated using the total cell volume (cells with diameter >5 μm) per mL of culture. (E-F) Extracellular lactate and ammonia
concentrations were measured daily before and after medium refreshment. All data is displayed for a representative reactor run, using the same
donor for both bioreactor and dish cultures.
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Supplementary Figure S2. Expansion of erythroblasts in stirred tank bioreactors. 
Erythroblasts were expanded from PBMCs for 9 days, and subsequently seeded in culture dishes 
or STRs (working volume = 300 mL; stirring speed = 200 rpm; marine down-pumping impeller 
with diameter = 2.8 cm; 100 mL/min N2 headspace flow) at a starting cell concentration of 0.7×106 
cells/mL. (A) dO2 concentration was continuously measured and controlled at 40% (equivalent 
to 2.8 mg O2/L) by sparging of air. (B) pH was continuously measured and controlled at 7.5 by 
sparging of CO2. (C) Cell concentration was measured daily during 10 days of expansion. Cells 
were cultured following a sequential batch feeding strategy in which medium was refreshed if 
the daily measured cell concentration was >1.2×106 cells/mL. (D) Total biomass concentration 
was calculated using the total cell volume (cells with diameter >5 μm) per mL of culture. (E-F) 
Extracellular lactate and ammonia concentrations were measured daily before and after medium 
refreshment. All data is displayed for a representative reactor run, using the same donor for both 
bioreactor and dish cultures.
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Supplemental Figure S3. Erythroid cell surface marker expression and viability in erythroblasts expanded in stirred tank bioreactors.
Erythroblasts were expanded from PBMCs for 9 days, and subsequently seeded in culture dishes or STRs (working volume = 300 mL; stirring
speed = 200 rpm; marine down-pumping impeller with diameter = 2.8 cm; 100 mL/min N2 headspace flow) at a starting cell concentration of
0.7×106 cells/mL. (A) Gating strategy to evaluate the differentiation level of cultured erythroblasts. Single events were gated (FSC-A vs. FSC-
H), followed by gating of cells (FSC vs SSC). Cells were stained for CD235a/CD71 or CD235a/CD49d, with gates defined based on appropriate
IgG isotype controls. (B-C) Representative density plots indicating the expression of the cell surface markers CD71, CD235 and CD49d after 10
days of culture. (D) Cells were also stained with AnnexinV (apoptosis staining) and DRAQ7 (cell impermeable DNA stain); data displayed as
mean ± SD (error bars; n=3 reactor runs / donors).
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Supplementary Figure S3. Erythroid cell surface marker expression and viability in 
erythroblasts expanded in stirred tank bioreactors. Erythroblasts were expanded from 
PBMCs for 9 days, and subsequently seeded in culture dishes or STRs (working volume = 300 mL; 
stirring speed = 200 rpm; marine down-pumping impeller with diameter = 2.8 cm; 100 mL/min N2 
headspace flow) at a starting cell concentration of 0.7×106 cells/mL. (A) Gating strategy to evaluate 
the differentiation level of cultured erythroblasts. Single events were gated (FSC-A vs. FSC-H), 
followed by gating of cells (FSC vs SSC). Cells were stained for CD235a/CD71 or CD235a/CD49d, 
with gates defined based on appropriate IgG isotype controls. (B-C) Representative density plots 
indicating the expression of the cell surface markers CD71, CD235 and CD49d after 10 days 
of culture. (D) Cells were also stained with AnnexinV (apoptosis staining) and DRAQ7 (cell 
impermeable DNA stain); data displayed as mean ± SD (error bars; n=3 reactor runs / donors). 
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Supplemental Figure S4. Lower dissolved oxygen setpoints lead to lower sparging requirements. Erythroblasts were expanded from
PBMCs for 9 days, and subsequently seeded in culture dishes or STRs (working volume = 300 mL; 200 rpm; pH=7.5; 100 mL/min N2
headspace flow) at a starting cell concentration of 0.7×106 cells/mL. Dissolved oxygen was controlled by means of air sparging when below the
targeted setpoint (10% of 40%, equivalent to 0.72 and 2.88 mg O2/L respectively), and by stripping of excess oxygen using 100 mL/min N2
headspace flow. (A) Cumulative volume of air sparged through the culture for representative reactor runs. (B) Cell-specific ammonium
production rate (qNH4,vol) calculated using growth rate data and measured extracellular lactate concentrations before and after each medium
refreshment (see Supplemental Methods). (C-E) Rates were also calculated using the total cell concentration (cells per mL of culture). All data
in panels B-E is displayed as mean ± SD (error bars; n=3 reactor runs / donors, unless indicated otherwise). Significance is shown for the
comparison with dish cultures (unpaired two-tailed two-sample equal-variance Student’s t-test; *P<0.05, **P<0.01, ***P<0.001, not displayed
if difference is not significant).
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Supplemental Figure S4. Lower dissolved oxygen setpoints lead to lower sparging requirements. Erythroblasts were expanded from
PBMCs for 9 days, and subsequently seeded in culture dishes or STRs (working volume = 300 mL; 200 rpm; pH=7.5; 100 mL/min N2
headspace flow) at a starting cell concentration of 0.7×106 cells/mL. Dissolved oxygen was controlled by means of air sparging when below the
targeted setpoint (10% of 40%, equivalent to 0.72 and 2.88 mg O2/L respectively), and by stripping of excess oxygen using 100 mL/min N2
headspace flow. (A) Cumulative volume of air sparged through the culture for representative reactor runs. (B) Cell-specific ammonium
production rate (qNH4,vol) calculated using growth rate data and measured extracellular lactate concentrations before and after each medium
refreshment (see Supplemental Methods). (C-E) Rates were also calculated using the total cell concentration (cells per mL of culture). All data
in panels B-E is displayed as mean ± SD (error bars; n=3 reactor runs / donors, unless indicated otherwise). Significance is shown for the
comparison with dish cultures (unpaired two-tailed two-sample equal-variance Student’s t-test; *P<0.05, **P<0.01, ***P<0.001, not displayed
if difference is not significant).
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Supplemental Figure S4. Lower dissolved oxygen setpoints lead to lower sparging requirements. Erythroblasts were expanded from
PBMCs for 9 days, and subsequently seeded in culture dishes or STRs (working volume = 300 mL; 200 rpm; pH=7.5; 100 mL/min N2
headspace flow) at a starting cell concentration of 0.7×106 cells/mL. Dissolved oxygen was controlled by means of air sparging when below the
targeted setpoint (10% of 40%, equivalent to 0.72 and 2.88 mg O2/L respectively), and by stripping of excess oxygen using 100 mL/min N2
headspace flow. (A) Cumulative volume of air sparged through the culture for representative reactor runs. (B) Cell-specific ammonium
production rate (qNH4,vol) calculated using growth rate data and measured extracellular lactate concentrations before and after each medium
refreshment (see Supplemental Methods). (C-E) Rates were also calculated using the total cell concentration (cells per mL of culture). All data
in panels B-E is displayed as mean ± SD (error bars; n=3 reactor runs / donors, unless indicated otherwise). Significance is shown for the
comparison with dish cultures (unpaired two-tailed two-sample equal-variance Student’s t-test; *P<0.05, **P<0.01, ***P<0.001, not displayed
if difference is not significant).
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Supplemental Figure S4

Supplementary Figure S4. Lower dissolved oxygen setpoints lead to lower sparging 
requirements.  Erythroblasts were expanded from PBMCs for 9 days, and subsequently seeded 
in culture dishes or STRs (working volume = 300 mL; 200 rpm; pH=7.5; 100 mL/min N2 headspace 
flow) at a starting cell concentration of 0.7×106 cells/mL. Dissolved oxygen was controlled by 
means of air sparging when below the targeted setpoint (10% of 40%, equivalent to 0.72 and 
2.88 mg O2/L respectively), and by stripping of excess oxygen using 100 mL/min N2 headspace 
flow. (A) Cumulative volume of air sparged through the culture for representative reactor runs. 
(B) Cell-specific ammonium production rate (qNH4,vol) calculated using growth rate data and 
measured extracellular lactate concentrations before and after each medium refreshment (see 
Supplementary Methods). (C-E) Rates were also calculated using the total cell concentration 
(cells per mL of culture). All data in panels B-E is displayed as mean ± SD (error bars; n=3 
reactor runs / donors, unless indicated otherwise). Significance is shown for the comparison with 
dish cultures (unpaired two-tailed two-sample equal-variance Student’s t-test; *p<0.05, **p<0.01, 
***p<0.001, not displayed if difference is not significant). 
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Supplemental Figure S5. Effect of stirring speed on cell cycle of cultured erythroblasts. Erythroblasts were expanded from PBMCs for 9
days, and subsequently seeded in culture dishes or STRs (working volume = 300 mL; marine down-pumping impeller with diameter = 2.8 cm;
dO2=40% controlled by sparging of air; pH=7.5 controlled by sparging of CO2; 100 mL/min N2 headspace flow) at a starting cell concentration
of 0.7×106 cells/mL, under agitation at 200, 600 or 1800 rpm. (A) Gating strategy to evaluate the fraction of fixed cells in the G0/G1, S, or
G2/M cell cycle stages. Cells were gated (FSC vs SSC), followed by gating of single events (FSC-A vs. FSC-H). Background in the PI channel
was discarded, followed by fitting using the Watson Pragmatic algorithm. (B) Fraction of cells in the G0/G1, S, and G2/M cell cycle phases in
bioreactor and static cultures. All data is displayed as mean ± SD (error bars; n=3 reactor runs / donors, unless indicated otherwise).
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Supplementary Figure S5. Effect of stirring speed on cell cycle of cultured erythroblasts.   
Erythroblasts were expanded from PBMCs for 9 days, and subsequently seeded in culture dishes 
or STRs (working volume = 300 mL; marine down-pumping impeller with diameter = 2.8 cm; 
dO2=40% controlled by sparging of air; pH=7.5 controlled by sparging of CO2; 100 mL/min N2 
headspace flow) at a starting cell concentration of 0.7×106 cells/mL, under agitation at 200, 
600 or 1800 rpm. (A) Gating strategy to evaluate the fraction of fixed cells in the G0/G1, S, 
or G2/M cell cycle stages. Cells were gated (FSC vs SSC), followed by gating of single events 
(FSC-A vs. FSC-H). Background in the PI channel was discarded, followed by fitting using the 
Watson Pragmatic algorithm. (B) Fraction of cells in the G0/G1, S, and G2/M cell cycle phases in 
bioreactor and static cultures. All data is displayed as mean ± SD (error bars; n=3 reactor runs / 
donors, unless indicated otherwise).
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Supplemental Figure S6. Oxygen requirements decrease during erythroblast differentiation. Erythroblasts were expanded from PBMCs
for 10 days, and subsequently seeded in differentiation medium at a starting cell concentration of 1×106 cells/mL. Cells were then transferred to
culture dishes or STRs in culture dishes or STRs (working volume = 300 mL; stirring speed = 200 rpm; pH = 7.5) and kept in culture for 11
days without medium refreshment. Dissolved oxygen was measured continuously during the culture (red line; left axis). Air + 5% CO2 was
sparged only when dO2 was <40%. Cumulative sparged air volume is also displayed (blue line; right axis). When taking samples (indicated with
arrows), air was used to purge the sampling circuit, leading to an increase in the dO2 concentration.

Supplemental Figure S6

Supplementary Figure S6. Oxygen requirements decrease during erythroblast 
differentiation. Erythroblasts were expanded from PBMCs for 10 days, and subsequently 
seeded in differentiation medium at a starting cell concentration of 1×106 cells/mL. Cells were 
then transferred to culture dishes or STRs in culture dishes or STRs (working volume = 300 mL; 
stirring speed = 200 rpm; pH = 7.5) and kept in culture for 11 days without medium refreshment. 
Dissolved oxygen was measured continuously during the culture (red line; left axis). Air + 5% 
CO2 was sparged only when dO2 was <40%. Cumulative sparged air volume is also displayed 
(blue line; right axis). When taking samples (indicated with arrows), air was used to purge the 
sampling circuit, leading to an increase in the dO2 concentration. 
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Supplemental Figure S7. Expression of the erythroid surface markers CD235a and CD71 in erythroblasts cultured in 3 L stirred tank
bioreactors. Erythroblasts were expanded from PBMCs for 8 days, and subsequently seeded in culture dishes or 0.5 L stirred tank bioreactors at
a starting cell concentration of 0.7-0.9×106 cells/mL. Cells were kept in culture following a fed batch feeding strategy in which medium was
refreshed if the measured cell concentration (daily) was >1.2×106 cells/mL. Upon reaching a total number of >400 million cells, the culture was
transferred to a 3.0 L bioreactor which was progressively filled by daily medium additions. (A) Cells were stained CD235a plus CD71
(erythroid differentiation markers). (B) Cell-specific production rates of lactate and ammonia calculated from the total cell counts, and
extracellular metabolite concentrations. All data is displayed as mean ± SD (error bars; n=3 reactor runs / donors). Significance is shown for the
comparison with dish cultures (unpaired two-tailed two-sample equal-variance Student’s t-test; *P<0.05, **P<0.01, ***P<0.001, not displayed
if difference is not significant).
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Supplemental Figure S7. Expression of the erythroid surface markers CD235a and CD71 in erythroblasts cultured in 3 L stirred tank
bioreactors. Erythroblasts were expanded from PBMCs for 8 days, and subsequently seeded in culture dishes or 0.5 L stirred tank bioreactors at
a starting cell concentration of 0.7-0.9×106 cells/mL. Cells were kept in culture following a fed batch feeding strategy in which medium was
refreshed if the measured cell concentration (daily) was >1.2×106 cells/mL. Upon reaching a total number of >400 million cells, the culture was
transferred to a 3.0 L bioreactor which was progressively filled by daily medium additions. (A) Cells were stained CD235a plus CD71
(erythroid differentiation markers). (B) Cell-specific production rates of lactate and ammonia calculated from the total cell counts, and
extracellular metabolite concentrations. All data is displayed as mean ± SD (error bars; n=3 reactor runs / donors). Significance is shown for the
comparison with dish cultures (unpaired two-tailed two-sample equal-variance Student’s t-test; *P<0.05, **P<0.01, ***P<0.001, not displayed
if difference is not significant).
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Supplemental Figure S7. Expression of the erythroid surface markers CD235a and CD71 in erythroblasts cultured in 3 L stirred tank
bioreactors. Erythroblasts were expanded from PBMCs for 8 days, and subsequently seeded in culture dishes or 0.5 L stirred tank bioreactors at
a starting cell concentration of 0.7-0.9×106 cells/mL. Cells were kept in culture following a fed batch feeding strategy in which medium was
refreshed if the measured cell concentration (daily) was >1.2×106 cells/mL. Upon reaching a total number of >400 million cells, the culture was
transferred to a 3.0 L bioreactor which was progressively filled by daily medium additions. (A) Cells were stained CD235a plus CD71
(erythroid differentiation markers). (B) Cell-specific production rates of lactate and ammonia calculated from the total cell counts, and
extracellular metabolite concentrations. All data is displayed as mean ± SD (error bars; n=3 reactor runs / donors). Significance is shown for the
comparison with dish cultures (unpaired two-tailed two-sample equal-variance Student’s t-test; *P<0.05, **P<0.01, ***P<0.001, not displayed
if difference is not significant).
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Supplemental Figure S7. Expression of the erythroid surface markers CD235a and CD71 in erythroblasts cultured in 3 L stirred tank
bioreactors. Erythroblasts were expanded from PBMCs for 8 days, and subsequently seeded in culture dishes or 0.5 L stirred tank bioreactors at
a starting cell concentration of 0.7-0.9×106 cells/mL. Cells were kept in culture following a fed batch feeding strategy in which medium was
refreshed if the measured cell concentration (daily) was >1.2×106 cells/mL. Upon reaching a total number of >400 million cells, the culture was
transferred to a 3.0 L bioreactor which was progressively filled by daily medium additions. (A) Cells were stained CD235a plus CD71
(erythroid differentiation markers). (B) Cell-specific production rates of lactate and ammonia calculated from the total cell counts, and
extracellular metabolite concentrations. All data is displayed as mean ± SD (error bars; n=3 reactor runs / donors). Significance is shown for the
comparison with dish cultures (unpaired two-tailed two-sample equal-variance Student’s t-test; *P<0.05, **P<0.01, ***P<0.001, not displayed
if difference is not significant).

A

B

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9

%
 o

f c
el

ls 
in

 g
at

e

Time (days in bioreactor)

STR Dish

▮ P1: CD235a- CD71-

▮▮ P2: CD235a- CD71+
▮▮ P3: CD235a+ CD71+

▮▮ P4: CD235a+ CD71-

▲ STR
● Dish

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 1 2 3 4 5 6 7 8 9

q la
c,

,c
ou

nt
s

(p
m

ol
/c

el
l/d

ay
)

Time (days in bioreactor)

* * *

Supplemental Figure S7

Supplementary Figure S7. Expression of the erythroid surface markers (CD235a, 
CD71) and production rates of toxic metabolites (lactate, ammonia) in erythroblasts 
cultured in 3 L stirred tank bioreactors. Erythroblasts were expanded from PBMCs for 8 
days, and subsequently seeded in culture dishes or 0.5 L stirred tank bioreactors at a starting cell 
concentration of 0.7-0.9×106 cells/mL. Cells were kept in culture following a fed batch feeding 
strategy in which medium was refreshed if the measured cell concentration (daily) was >1.2×106 
cells/mL. Upon reaching a total number of >400 million cells, the culture was transferred to a 3.0 
L bioreactor which was progressively filled by daily medium additions. (A) Cells were stained 
CD235a plus CD71 (erythroid differentiation markers). (B) Cell-specific production rates of lactate 
and ammonia calculated from the total cell counts, and extracellular metabolite concentrations. 
All data is displayed as mean ± SD (error bars; n=3 reactor runs / donors). Significance is shown 
for the comparison with dish cultures (unpaired two-tailed two-sample equal-variance Student’s 
t-test; *p<0.05, **p<0.01, ***p<0.001, not displayed if difference is not significant).
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3Transfusion-ready red blood cells (RBCs) can be cultured ex vivo from hematopoietic 
progenitors. Currently, however, a cultured RBC transfusion unit cannot be produced 
at competitive costs. Large volumes of medium are required to maintain a maximum 
erythroblast cell density of 1-2×106 cells/mL during the proliferation culture stage. To 
identify the origin of the cell density limitation we compared the growth support of 
fresh, spent, and treated media, and we performed metabolomic studies. Media that 
were exposed to an increasing concentration of erythroblasts displayed a proportional 
decrease in their ability to support erythroblast proliferation. With a 1:1 combination 
with fresh medium, the growth was restored for all treated media. Separation of 
both fresh and spent media with a 3 kDa cut-off, and subsequent recombination of 
the two fractions, indicated that exhaustion of the small molecular weight fraction 
(<3 kDa) was responsible for the growth limitation. We performed targeted and 
untargeted metabolomics analysis, for both the intra- and extracellular compartments, 
following seeding in fresh medium (12, 24, 36 h). After 36 h of culture, we observed 
degradation of nucleosides, depletion of amino acids, and a decrease in intermediates 
of the glutathione-ascorbate, γ-glutamyl and cysteine-methionine cycles. The latter 
compounds suggested accumulated oxidative stress in high density erythroblast 
cultures. Elimination of nucleosides from the medium led to a lower accumulation of 
purine salvage intermediates, and a 30% increase in cell productivity.

Abstract
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Production of cultured RBCs (cRBCs) has great potential as an additional source of 
transfusion-ready RBCs, particularly to increase the availability of RBCs with rare 
blood group phenotypes [1–3]. Starting from iPSC- or blood-derived hematopoietic 
stem cells, erythroblasts can be produced in large numbers, followed by differentiation 
into mature, hemoglobinized, enucleated cRBCs that resemble peripheral blood 
reticulocytes [4,5]. Expansion of erythroblast cultures requires the growth factors 
erythropoietin (Epo), stem cell factor (SCF), and glucocorticoid hormones. Substitution 
of SCF and glucocorticoids by omniplasma, together with an increase in Epo levels, 
induces synchronous differentiation to mature RBCs [6–8]. 

A single transfusion unit contains 2×1012 mature RBCs. To reach this high number of 
cells, a robust increase in cell numbers is needed during the expansion phase of the 
cultures. Currently, erythroblast cultures are kept at low cell concentrations (<2×106 
cells/mL), through daily dilutions with fresh medium. Addition of fresh culture medium 
lowers the cell concentration, but also replenishes nutrients and growth factors, and 
dilutes potential inhibitory metabolites and cytokines produced by the proliferating 
cells [9–11]. 

Growth limitations have been observed in high cell density erythroblast cultures  
(3-5×106 cells/mL) after less than 20 h of inoculation in fresh medium, suggesting either 
a quick depletion of essential nutrients or growth factors, or the fast accumulation of 
inhibitory cytokines or metabolic byproducts [12]. Supplementation of culture medium 
with nutrients such as glucose, amino acids, and vitamins, or with growth factors 
(Epo, SCF) does not result in a significant difference in proliferation rate. A significant 
accumulation of the inhibitory cytokine TFG-β has been detected (>1 ng/mL).  
Nevertheless, this compound alone only leads to moderate decrease in growth rate 
(<10%) [12]. 

Mathematical models fitted to the observed growth limitations in erythroblast 
cultures indicated an optimized medium refreshment frequency and reduced medium 
requirements in repeated batch cultivation strategy [13]. However, the requirement of 
frequent fresh medium addition, combined with the high cost of media, still leads to 
non-competitive high production costs [14,15].

Growth inhibition is commonly observed in batch and fed-batch cultures of industrially 
relevant animal cell lines. Accumulation of lactate and ammonium are the most 
common cause of growth inhibition [16]. Under substrate-excess conditions, rapidly 
proliferating cell cultures heavily rely on glycolysis, leading to the accumulation of 

3.1. Introduction
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lactate, which can lead to toxic effects due to an increase in osmolarity and decrease 
in pH . Ammonium, mainly produced as a byproduct of glutamine catabolism, is also 
a common cause of growth inhibition [17,21]. Although accumulation of lactate and 
ammonium is observed in erythroblast cultures, the concentrations are well below 
growth inhibitory levels [12,22–26]. 

Unbiased approaches using untargeted metabolomics in mammalian cell cultures 
have identified novel metabolic byproducts associated with growth inhibition [27]. 
In particular, an increase in levels of growth-inhibitory intermediates of amino acid 
catabolism, and impaired oxidative stress control in Chinese hamster ovary (CHO) cell 
cultures were reported [28,29]. Reducing the production of these inhibitors by metabolic 
engineering and modifications in the medium composition have led to significant 
improvements in cell yields, as well as in quality and titer of the final product, typically 
monoclonal antibodies [30–32].

To achieve cost-effective production of cRBCs, the culture conditions must be optimized 
for high cell density cultures. In the present work, we aim to identify the origins of the 
observed limitations of cell concentrations in erythroblast cultures. This knowledge 
will enable us to propose strategies at both feeding regime and media composition 
level to surpass current limitations. We quantified the cell density limitations in the 
erythroblast proliferation phase of our erythroid culture system, identified the limit 
in the cell productivity (produced cells per mL of fresh medium per unit of time), and 
demonstrated that perfusion of fresh medium in a stirred tank bioreactor setup allows 
for higher erythroblast cell concentrations. The observed erythroblast growth limitation 
is caused mainly by small molecules (<3 kDa) present in the culture supernatant. 
Metabolic profiling of erythroblasts at low and high cell densities identified metabolic 
pathways that indicate excessive oxidative stress in the culture.

3.2. Materials and Methods

3.2.1. Erythroblast cell culture
Blood from healthy volunteer donors was collected and peripheral blood mononuclear 
cells (PBMCs) were purified by density centrifugation using Ficoll-Paque (density = 
1.077 g/mL; 600g, 30 min; GE Healthcare; USA). Informed written consent was given 
by donors to give approval for research purposes, and was checked by Sanquin’s NVT 
Committee (approval file number NVT0258; 2012) in accordance with the Declaration 
of Helsinki and the Sanquin Ethical Advisory Council. 

Erythroblast were cultured from PBMCs as previously described (Heshusius et al., 
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2019), with minor modifications in the expansion medium (Cellquin) composition: 
trace elements were omitted; cholesterol, oleic acid, and L-α-phosphatidylcholine 
were replaced by a defined lipid mix (1:1000; Sigma-Aldrich cat#L0288; USA). In short, 
PBMCs were cultured in the presence of human stem cell factor (hSCF; 100 ng/mL, 
produced in-house with HEK293T cells), erythropoietin (Epo; 2 IU/mL; EPREX®; 
Janssen-Cilag; Netherlands), dexamethasone (Dex; 1 µmol/L; Sigma-Aldrich), and 
interleukin-3 (IL-3; 1 ng/mL, first day only; Stemcell Technologies; Canada). After 7 
days, a pro-erythroblast population (CD235alow/CD71+/CD49+) was obtained, and was 
kept in culture at a cell concentration of 0.7-2×106 cells/mL by daily feeding with fresh 
expansion medium prior to culture experiments. For cultures without nucleosides, 
medium without adenosine, guanosine, thymidine, cytidine, uracil, 2’-deoxyadenosine, 
2’-deoxycytidine, and 2’-deoxyguanosine was used.

Cell concentration was determined using an electric current exclusion method with a 
size cutoff of 7.5 µm (CASY Model TCC, OLS OMNI Life Science, Germany; or Z2 Coulter 
Counter, Beckman Coulter, USA). Viability was determined using a hemocytometer 
and a dye exclusion method (Trypan Blue; Sigma).

3.2.2. Targeted profiling of culture supernatant
Measurement of amino acid concentrations in supernatant samples was determined 
via gas chromatography-mass spectrometry (GC-MS) and isotope dilution mass 
spectrometry (IDMS), as previously described [33]. Briefly, culture samples were spun 
down (600g, 5 min), and the supernatant was freeze dried, reconstituted and derivatized 
using acetonitrile and N-tert-Butyldimethylsilyl-N-methyltrifluoroacetamide 
(MTBSTFA), and subsequently analyzed by GC-MS. IDMS for amino acid quantification 
was performed using a U-13C-labelled cell extract as an internal standard mix.

For quantification of extracellular Epo and hSCF concentrations, erythroblasts cultures 
were performed in proliferation medium with 2 IU/mL Epo (EPREX®; Janssen-Cilag; 
Netherlands) and 100 ng/mL hSCF (BioLegend cat#573908; USA). Supernatant samples 
were snap frozen, and stored at -80 °C until measurement. After thawing on ice, samples 
were analyzed via sandwich enzyme-linked immunosorbent assays (ELISA; ab211647 
and ab176109, Abcam; USA). 

The average q-rates for amino acids and growth factors were calculated with Equation 
1, where      is the cell-specific consumption (>0) or production (<0) rate for the 
component   ,       and         are the measured concentrations of component    at 
the evaluated timepoints (   and         ), and          and              are the measured cell 
concentrations at the same timepoints. The average growth rate      in that same time 
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interval was calculated using Equation 2.    
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Equation (1)

Equation (2)

3.2.3. Bioreactor perfusion culture
The perfusion bioreactor culture was performed in a 500 mL glass bioreactor (MiniBio; 
Applikon Biotechnology; Netherlands) with a working volume of 250 mL. A day 9 cell 
culture from PBMCs was seeded in the bioreactor at an initial cell concentration of 
1×106 cells/mL. Agitation was performed using a down-pumping marine impeller (100 
rpm; diameter = 2.8 cm). Dissolved oxygen concentration was maintained at 2.9 mg/L 
(40% of the oxygen saturation concentration in water at equilibrium with air at 1 atm 
and 37 °C) by sparging with air, and pH was controlled at 7.4 by sparging with CO2.

Cell retention in the bioreactor was performed using an acoustic settler (BioSep 1 L; 
Applikon Biotechnology) run without recirculation and using a cyclic backflushing 
mode, as described before [34,35], set to the following parameters: ON time = 5-15 min, 
OFF time = 10-15 s, power = 3 W. The volumetric perfusion rate was adjusted daily 
based on the cell counting data to obtain an average cell-specific perfusion rate (CSPR) 
of 500 pL/cell/day, equivalent to the fresh medium utilization rate in the repeated batch 
cultivation method with half medium refreshment every 24 h.

3.2.4. Spent medium analysis and fractionation
Erythroblasts were expanded from PBMCs for 11 days and subsequently seeded in fresh 
medium at cell concentrations between 1 and 15×106 cells/mL, as indicated. Cells were 
cultured for 16 h, and spun down (600g, 5 min). Spent medium was filtrated (0.22 µm), 
snap frozen in liquid nitrogen, and stored at -80 °C until further use. Upon thawing, 
day 9 erythroblasts were washed, resuspended in fresh medium, spent medium or a 1:1 
(vol) combination of both, and cultured for 48 h without medium refreshment.

For medium fractionation experiments, fresh or spent medium was filtrated using an 
Amicon Ultra-15 3 kDa centrifugal filter, following manufacturer’s protocol (Millipore 
Merck; Germany), resulting in a filtrate and retentate fractions. Day 9 erythroblasts 
were seeded in combinations of retentate and filtrate of fresh or spent medium, as 
indicated. 
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3.2.5. Spent medium supplementation

The effect of spent medium supplementation with specific fractions of IMDM was 
evaluated using previously prepared solutions with respective IMDM components. For 
basal IMDM (bIMDM), a solution containing 1.49 mM CaCl2, 0.81 mM MgSO4, 4.43 
mM KCl, 36 mM NaHCO3, 77.1 mM NaCl, 1.04 mM NaH2PO4, 0.75 µM KNO3, 25 mM 
HEPES, and 25 mM D-glucose was prepared with demineralized water. For selenite 
supplementation, Na2SeO3 was added to bIMDM to a final concentration of 0.1 µM 
(bIMDM+Se). 

To test the effect of amino acid supplementation, bIMDM was supplemented with 
essential amino acids only (bIMDM+EAA), or with both essential and non-essential 
amino acids (bIMDM+EAA+NEAA). Amino acids in the prepared media were at 2× the 
concentration in commercial IMDM, so when combining 1:1 with spent medium any 
depleted amino acid would be restored to the levels originally present in IMDM. Final 
concentrations of essential amino acids in bIMDM+EAA and bIMDM+EAA+NEAA 
were 1.6 mM L-lysine, 0.93 mM L-tyrosine, 0.58 mM L-cystine, 0.8 mM L-arginine, 0.4 
mM L-histidine, 1.6 mM L-isoleucine, 0.4 mM L-methionine, 0.8 mM L-phenylalanine, 
1.6 mM L-leucine, 1.6 mM L-threonine, 0.16 mM L-tryptophan, 1.6 mM L-valine, 
and 4.0 mM L-glutamine. For non-essential amino acids, final concentrations in 
bIMDM+EAA+NEAA were 0.8 mM L-serine, 0.45 mM L-aspartate, 0.69 mM L-proline, 
0.8 mM glycine, 0.38 mM L-asparagine, 0.56 mM L-alanine, and 1.0 mM L-glutamate. 

Similarly, bIMDM was supplemented with vitamins (bIMDM+Vit) to have final 
concentrations 2× higher relative to commercial IMDM. For this, MEM vitamin mix 
(ThermoFisher cat#11120052), biotin and vitamin B12 were added to bIMDM to final 
concentrations as follows: 8 mg/L nicotinamide, 8 mg/L cholin chloride, 8 mg/L Ca-D-
pantothenate, 8 mg/L pyridoxal HCl, 8 mg/L thiamine HCl, 0.8 mg/L riboflavin, 8 mg/L 
folic acid, 16 mg/L myo-inositol, 26 µg/L biotin, and 26 µg/L vitamin B12. 

Epo, hSCF and Dex were added to the final media combinations (e.g. 1:1 spent medium 
and bIMDM) to have final concentrations of 2 IU/mL, 100 ng/mL and 1 µM, respectively.

3.2.6. Extra- and intracellular untargeted UHPLC-MS 		
          metabolomics

Day 11 erythroblasts of three independent donors were washed twice with phosphate-
buffered saline (PBS), resuspended in fresh medium, and cultured for 36 h under static 
conditions without medium refreshment. Samples containing 3×106 cells were spun 
down (600g, 5 min, 4 °C), and both cell pellet and supernatant were snap frozen in liquid 
nitrogen and stored at -80 °C until extraction. Metabolite extraction was performed 
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using an ice-cold methanol:acetonitrile:water buffer (5:3:2) by vortexing for 30 minutes 
at 4 °C. Analyses were performed using a Vanquish UHPLC system (Thermo Fischer 
Scientific; USA) coupled online to a Q Exactive mass spectrometer, as previously 
described [36]. Metabolite assignment was performed using MAVEN [37]. 

Data cleaning was performed in three stages: (i) pre-filtering of metabolites that did 
not show significant differences in peak areas (Student t-test, p>0.05) at any condition 
or timepoint compared to blank samples, (ii) missing value imputation (missing values 
replaced by 1/5 of the smallest positive value in the original dataset), and (iii) filtering 
based on the quality control (QC) samples (if a metabolite showed a relative standard 
deviation >25% in the QC samples, it is not considered for further analysis).

For analysis of metabolomics data, principal component analysis (PCA) was performed 
using the peak area data for each annotated metabolite after glog transformation 
and mean-centering. k-means clustering was performed using the ComplexHeatmap 
R package [38], using the clustree and factoextra packages to determine the optimal 
number of clusters [39]. 

For functional analysis, metabolites were first mapped to the Human Metabolome 
Database (HMDB). Metabolite-set quantitative enrichment analysis (MSQEA) and 
pathway quantitative enrichment analysis (PQEA) of the complete set of metabolites 
and of individual k-means clusters were performed using MetaboAnalystR v3 (package 
version 3.0.3 amap_0.8-18) [40,41], and a metabolite set library derived from the 
Small Molecule Pathway Database [42,43]. All R code used to process and analyze the 
metabolomics data is available at request.

3.2.7. Mathematical modelling of growth inhibition
Erythroblast growth inhibition was modelled using kinetic unstructured unsegregated 
mathematical models described with a set of three ordinary differential equations 
(culture volume, cell concentration, and non-dimensionalized inhibitor concentration). 
Detailed equations for the growth models and for the simulations of bioreactor cultures 
under different feeding regimes are available in Supplementary Methods. 

3.3. Results

3.3.1. Limited production of cultured erythroblast is 
           independent of growth factor availability
To determine the cell production capacity of Cellquin medium, erythroblasts cultured 
from PBMC of two independent donors were inoculated in fresh medium at three 
different starting cell densities (1, 3 and 5×106 cells/mL). The cultures were performed 
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for 48 h without medium addition or refreshment. All conditions resulted in lower 
proliferation levels compared to those predicted by an exponential growth model fitted 
to the first 12 h of growth (Figure 1A). The deviation from exponential growth was 
larger and took place earlier for high cell density cultures (Figure 1B). The growth 
rate fitted to the first 12 h of culture ranged from a doubling time of 17.4 h for cultures 
seeded at 1.3×106 cells/mL to 34.6 h for cultures seeded at 5.2×106 cells/mL (Table 1). 
This indicates that medium conditions rapidly become rate limiting at increased cell 
densities (<12 h after start of the culture).

To determine whether depletion of the growth factors Epo or SCF could explain the 
observed growth limitations, erythroblasts from three different donors were seeded at 
1×106 cells/mL in fresh medium supplemented with hSCF and Epo, and cultured for 2 
days without any medium refreshment. Less than 25% Epo and 50-80% of the initial 
hSCF was depleted at day 2 (Figure 1C-D). Assuming that depletion occurred mainly 
through internalization of ligand with its cognate receptor, Epo and hSCF cell-specific 
consumption rates (qEpo, qhSCF) were calculated for each donor using the calculated 
average growth rate between day 0 and 2 (Table 2). 

To determine whether periodical replenishment of growth factors would improve 
cell growth, erythroblasts seeded at cell concentrations between 0.3 and 2×106 cells/
mL were kept in culture for 4 days with daily addition of fresh hSCF and Epo (100 
ng/mL and 2 IU/mL, respectively). After 2 days, growth in low cell density cultures 
slowed down, while high cell density cultures reached a cell concentration plateau 
(Supplementary Figure S1). Total number of cells produced per mL of medium relative 
to the start of the culture peaked at 5-6×106 cells/mL for inoculation densities of 1-2×106 
cells/mL (Figure 1E; growth curves in Supplementary Figure S1). 

These observations suggest that growth factor depletion is not the origin of the growth 
decrease observed in batch cultures. Rather, there is a growth-linked depletion of one 
or more essential nutrients or the accumulation of toxic byproducts during the batch 
culture, as if often observed for other bioprocesses [44]. This suggests that other medium 
feeding strategies are required for erythroblast cultures. Therefore, cultivation using 
perfusion was used to increase nutrient supply and removal of inhibitory metabolites 
accumulated during culture.
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Figure 1. Growth limitations and maximal cell productivity in cultured proliferating 
erythroblasts. (A-B). PBMC-derived day 10 erythroblasts from two independent donors were 
inoculated in fresh proliferation medium at different starting cell densities (1, 3 and 5×106  
cells/mL), and cultured for 2 days without addition of fresh medium (batch culture), with hourly 
measurements of cell concentration. An exponential growth model, shown as black dotted lines, 
was fitted for each starting cell density to the first 12 hours of cell culture of both donors (fitted 
parameters: growth rate µ, and initial cell concentration C0; value of fitted parameters available 
in Table 1). Shaded areas indicate the upper and lower 95% prediction bounds for the the fitted 
model (determined with MATLAB predint function) (A). The difference between measured cell 
concentration and predictions of the exponential growth model was calculated through the 
complete culture time (B; colors match panel A). (C-D) Depletion levels of hSCF and Epo were 
determined in batch erythroblast cultures (3 independent donors) inoculated with a starting cell 
density of 1.0-1.5×106 cells/mL. Colors indicate independent cultures, the black line indicates the 
average. Calculated growth rates and cell-specific consumption rates of both growth factors for 
each donor are available in Table 2. (E) Maximum cell productivity (produced number of cells 
per mL of culture, calculated as the difference in cell concentration relative to the start of the 
culture) was determined for 4-day batch cultures inoculated at 0.3, 0.7, 1 and 2×106 cells/mL using 
erythroblasts derived from 2 independent donors (growth curves available in Supplementary 
Figure 1). Error bars are displayed as standard deviations of measurements (n=3).
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Table 1. Fitted parameters of exponential growth model to erythroblast cultures 
at different starting cell concentrations. PBMC-derived day 10 erythroblasts from two 
independent donors were inoculated in fresh proliferation medium at different starting cell 
densities (1, 3 and 5×106 cells/mL), and cultured for 2 days without addition of fresh medium 
(batch culture), with hourly measurements of cell concentration. Growth rate (µ) and initial cell 
density (C0) of an exponential growth model were fitted to the first 12 hours of cell concentration 
measurements. Parameter values that minimized the sum of square errors are reported, together 
with 95% confidence bounds.

C0 (×106/mL)µ (1/h)
1.30 (1.18 – 1.42)0.0398 (0.0231 – 0.0564)●
3.57 (3.39 – 3.74)0.0224 (0.0128 – 0.0321)●
5.20 (5.01 – 5.39)0.0200 (0.0126 – 0.0274)●

-qhSCF
(ng/cell/h; ×10-6)

-qEPO
(UI/cell/h; ×10-9)

µ
(1/h)

Donor

-0.52-1.810.02301
-0.69-2.170.02582
-0.41-2.450.02473

Table 2. Cell-specific consumption rates of Epo and hSCF during erythroblast proliferation 
cultures. Extracellular Epo and hSCF was measured for erythroblast of three independent 
donors cultured for 2 days without medium refreshment with an initial cell density of 1.0-1.5×106  
cells/mL. Overall average growth rate µ, and cell-specific consumption rates (q-rates) of hSCF 
and EPO were calculated for the two days of culture.
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3.3.2. Perfusion bioreactor increases erythroblast cell density
Oxygen may be limiting in erythroid cultures in dishes and agitated bioreactors [26]. 
However, limitations in cell productivity in batch erythroblast cultures are consistent 
with previous observations in erythroid stirred tank bioreactor cultivations in which 
oxygen, a potentially limiting substrate in static cultures, was sufficiently provided [12]. 
To determine which cultivation strategies can ensure sufficient nutrient availability, 
and decrease toxic byproducts, we modeled erythroblast proliferation bioreactor 
cultures under different feeding regimes: (i) batch, (ii) fed batch with constant feed rate 
(FBconst ), (iii) fed batch with exponentially increasing feeding (FBexp ), (iv) perfusion with 
a constant perfusion rate (PERFconst ), and (v) perfusion at a fixed cell-specific perfusion 
rate (PERFCSPR ) (Figure 2A).

For these simulations, we used the kinetic model previously reported by Glen et al., 
in which erythroblast growth limitation, either via media exhaustion or toxification, 
was dependent on cell growth [45]. This model also includes an inhibition decay 
mechanism. A simplified model (only with growth-dependent inhibition, and using a 
different dose-response model; Hill equation) was fitted to the same cell concentration 
experimental data reported by Glen et al. for erythroblast cultures with different 
medium refreshment regimes, and was also used for bioreactor culture simulations 
(model details available in Supplementary Methods). 
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A 1 L culture with 1×106 cells/mL was used as starting condition for all scenarios, 
and the optimized feeding parameters for each culture strategy were determined to 
minimize the overall medium consumption while reaching a total yield of 30×109 cells 
after 4 days of culture. All evaluated feeding regimes led to higher cell densities (Figure 
2Ai) and yield (Figure 2Aii) compared to conventional batch culture mode in which 
cultures do not receive fresh medium. Both fed-batch alternatives (FBconst , FBexp ) and 
CSPR-based perfusion (PERFCSPR ) led to similar medium consumption levels, but the 
medium additions used in fed-batch cultures require a bioreactor working volume 
of 8 L at the end of the culture (Figure 2Aiii,iv). For FBexp , a negative exponential 
factor was found to be optimal, equivalent to fast feeding in the first days of culture, 
followed by slow feeding at the end of the cultivation. Under constant CSPR perfusion, 
maximal inhibition in cell growth rate was <20% during the 4 days of culture, while 
for fed-batch the growth was reduced by >50% (Figure 2Av). Similar values for the 
optimized parameters of each feeding regime were obtained for both evaluated models 
(Supplementary Figure S2, Supplementary Table S1).

To validate whether CSPR-based perfusion allows for higher cell concentrations under 
our own cell culture conditions, day 9 erythroblast cultures were seeded in a 500 mL 
STR (working volume = 250 mL) at an initial cell concentration of 1×106 cells/mL. Fresh 
medium was continuously perfused into the bioreactor, and cells were retained using 
an acoustic filtration system (Figure 2B-C). An average daily CSPR of 500 pL/cell/day 
was used (daily perfusion rates available in Supplementary Figure S3), equivalent to 
the medium requirements of culture dishes seeded at the same initial concentration 
and with half medium refreshment every day. After 5 days of culture, cultures in the 
perfused bioreactor reached a cell concentration of 10.1×106 cells/mL (Figure 2D), with 
similar overall cell number fold change compared to static cultures in dishes under a 
repeated batch feeding regime (daily reseeding at 1×106 cells/mL with fresh medium) 
(Figure 2E). Perfused and batch-fed cultures were equally viable and able to differentiate 
to mature RBC (data not shown). A culture dish kept without medium addition (batch 
mode) showed a decrease in growth after 3 days of culture (similar to data shown in 
Supplementary Figure S1). The higher cell yield in the perfusion computational model 
compared to our bioreactor culture can be explained by differences in the culture 
protocol (i.e. cell source and media composition) used in our experimental models and 
by Glen et al [45]. 

Thus, experimental data confirmed increased erythroblast concentrations in a fixed 
culture volume that can be achieved by a perfusion feeding approach. The observations 
highlight that the cause of the growth limitation in erythroblast proliferation cultures 
can be mitigated by the supply of fresh nutrients and/or removal of toxic byproducts 
produced during growth.
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Figure 2. 
(See caption on next page)



Figure 2. Perfusion allows to surpass cell-density limitations in erythroblast 
proliferation cultures. (A) Bioreactor cultures with different feeding strategies (batch, fed 
batch with constant feed rate FBconst , fed batch with exponentially increasing feed FBexp , perfusion 
at a constant rate PERFconst , perfusion at a constant cell-specific perfusion rate PERFCSPR ) were 
simulated, using a kinetic growth model for erythroblast proliferation including a putative 
inhibitor produced in a growth-dependent manner. Except for batch mode, the feeding parameters 
of each feeding regime were optimized to achieve a production of 30×109 cells in 4 days in a 1 L 
bioreactor inoculated at a starting cell concentration of 1×106 cells/mL, minimizing the medium 
volume requirements. Cell concentration (Ai), total produced cells (Aii), magnitude of the 
growth inhibition (calculated as the ratio of the instantaneous growth rate      and the maximum 
growth rate         ; Aiii), total volume of medium consumed (Aiv), and reactor working volume 
(Av) are displayed. Equations used for the growth model and for the bioreactor simulations are 
available in Supplementary Methods. (B) Day 9 erythroblasts were cultured in a 0.5 L stirred tank 
bioreactor (working volume = 250 mL) with perfusion, using an acoustic cell retention device 
(Applikon BioSep), operated semi-continuously, with cycles of permeate liquid flow and cell
backflushing using air. (C) In this system, cells are retained in the cuvette by sound waves against 
the upward movement of liquid. Cells can be seen as vertical lines in the separation chamber. 
(D-E) Erythroblast concentration (D) and fold-change increase of erythroblast numbers (E) in 
a 5 day culture in a stirred tank bioreactor using an average cell-specific perfusion rate of 500 
pL/cell/day (red line), and in culture dishes following either a batch strategy without feeding 
(green line) or a repeated batch strategy in which the erythroblast concentration was restricted 
to <2×106 by dilution with fresh medium (blue lines). The calculated optimal parameters for the 
different feeding regimes are available in Supplementary Table S1. Perfusion rates during the 
complete bioreactor run are available in Supplementary Figure S2.
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3.3.3.	 Exhaustion of small molecules impairs erythroblast 
           proliferation
During perfusion, fresh growth factors and metabolites were fed to the reactor, while 
potential toxic metabolites were removed from the bioreactor due to the continuous 
medium exchange. We next determined whether growth decrease was caused 
by the depletion of an essential nutrient or the accumulation of a toxic byproduct 
(metabolite or protein) in culture medium. Spent media with increasing levels of cell 
production were generated by seeding erythroblasts overnight (16 h) in fresh medium 
at concentrations between 1 and 15×106 cells/mL. Supernatant (sterile filtrated; 0.2 µm) 
was supplemented with fresh growth factors (Epo, hSCF, and dexamethasone) and used 
to culture an independent batch of erythroblasts at identical, low cell concentration 
(0.7×106 cells/mL). The fresh cultures all doubled in the first 24 h, but the cell yield 
significantly decreased in the next 24 h when seeded in spent medium derived from 
overnight exposure to >5×106 cells/mL (Figure 3A). The proliferation of fresh cells 
was increasingly inhibited when media were pre-exposed to higher erythroblast 
concentrations. Dilution of spent media with fresh medium (1:1) did not shift this 
correlation between proliferation of fresh cells and the number of cells used in pre-
exposure, but recovered cell proliferation for all conditions (Figure 3B). This suggests 
that the decrease in cell proliferation rates at high cell density is caused by nutrient 
depletion rather than the production of a toxic byproduct. 

Erythroblast culture media contains small molecular weight nutrients (e.g. glucose, 
amino acids, vitamins, trace elements), proteins (albumin, transferrin, insulin), and 
lipids. To determine which fraction of medium components is depleted, both fresh and 

Figure 3. Small molecules (<3 kDa) contribute the most to the observed growth inhibition 
in erythroblast batch cultures. (A-B) Spent medium was generated culturing erythroblasts for 
16 h at different starting cell concentrations (1-15×106 cells/mL). Either only spent medium (A) or 
a 1:1 mix of spent and fresh media (B) was used to seed fresh erythroblasts, which were cultured 
for 2 days without any media addition (batch cultivation). (C) Fresh (F) and spent (S) media were 
fractionated via ultrafiltration (size threshold: 3 kDa). Erythroblasts were inoculated in different 
combinations of the flowthrough (<3 kDa) and retentate (>3 kDa) of both media. Cell number 
fold change after 2 days of culture without refreshment in the reconstituted media is displayed. 
(D) Effect of supplementing spent medium with solutions containing specific components 
present in Iscove's Modified Dulbecco's Medium (IMDM) on erythroblast proliferation level. 
Basal IMDM (bIMDM), only containing glucose and the inorganic salts present in full IMDM, 
was used as background solution to which other IMDM components were added (sodium 
selenite, Se; essential amino acids, EAA; non-essential amino acids, NEAA; vitamins, Vit). Cell 
number fold change for erythroblasts inoculated after 2 days of culture is displayed. All data are 
displayed as mean ± SD (error bars; n = 9 donors for panels A and B, n = 4 for panel C, n = 4 for 
panel D). Significance levels were calculated using paired two-tailed Student's t-test (ns for non-
significant, * for p < 0.05, ** for p < 0.01, *** for p < 0.005). 
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spent medium (from 15×106 cells/mL cultures) were filtered through a 3 kDa cutoff 
filter. The retentate and flow-through fractions from fresh (F) and spent (S) medium 
were recombined, and used for cultures of erythroblasts inoculated at 0.7×106 cells/mL 
with addition of fresh growth factors.

The control recombination of retentate and flow-through fractions of fresh medium 
resulted in similar cell proliferation compared to the unfractionated medium. 
Unfractionated and recombined spent medium also resulted in similarly reduced cell 
proliferation (Figure 3C). Importantly, cell growth was restored when erythroblasts 
were seeded in spent medium retentate combined with flow-through from fresh 
medium (F<3kDa + S>3kDa). In contrast, cell growth was reduced when erythroblasts 
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were seeded in fresh medium retentate and spent medium flow-through (S<3kDa 
+F>3kDa). Furthermore, small molecules from fresh medium alone (F<3kDa only) 
were not sufficient to restore growth. These results suggest that exhaustion of small 
molecules <3 kDa contributed to the growth limitation in erythroblast batch cultures.

To identify putative depleted small molecules, the spent medium was supplemented 
with key components of the basal medium IMDM, including essential and non-
essential amino acids (EAA and NEAA, respectively), vitamins, and sodium selenite. 
A minor increase in growth was observed with the addition of non-essential amino 
acids and vitamins. However, no single condition led to a full recovery of erythroblast 
proliferation to levels observed in fresh medium (Figure 3D). Thus, we need to 
investigate the kinetics of medium exhaustion.

3.3.4.	 Metabolic profiles of media during erythroblast culture
To get a dynamic view of medium nutrients and intermediate metabolites during culture, 
an untargeted metabolic profiling was performed for the extra- and intra-cellular 
compartments of the culture. Day 9 erythroblasts cultured from three independent 
donors were seeded in fresh medium at 0.7 and 2×106 cells/mL and cultured for 12, 24 
and 36 h. Both cell pellets and supernatant were processed for untargeted metabolome 
analysis by mass spectrometry. 

Analysis of supernatant samples resulted in 93 significantly detected, unique peaks 
in at least 50% of all samples. Differentially detected nutrients and metabolites 
were determined by comparison to blank samples run before and after the analysis. 
Metabolites that showed high variation (relative standard deviation RSD >25%) in 
quality control samples were not considered for further analysis (Supplementary Figure 
S5). Principal component analysis (PCA) of extracellular metabolite data showed that 
independent biological replicates (donors) of a specific time point were closer to each 
other than samples taken at distinct time points. The first two components described 
88% of the total variance (PC1 = 75%, PC2 = 12%; Figure 4A). The clustering of samples 
seems dependent on time and initial culture density. Central carbon metabolism 
intermediates and nucleosides largely contribute to PC1 (Figure 4B). Hypoxanthine, 
an intermediate in purine degradation, displayed the strongest loading (absolute value) 
for PC2.

For a comprehensive overview of the common and discriminating metabolite profiles, 
the nutrients and metabolites were visualized using k-means clustering (k=5) (Figure 
4C-D; see Supplementary Figure 6 for the determination of the optimal number of 
clusters). 



1
3

4
2

5

Indoxyl
Hypoxanthine
L-Noradrenaline
Inosine
Guanosine
Adenosine
Adenine
Guanine
N-Acetyl-L-citrulline
Sorbitol.mannitol
alpha-D-Ribose 1-phosphate
D-glucono-1,5-lactone
Heptanoic acid
Tyrosine
Threonine
Indolepyruvate
Lysine
cis-p-Coumarate
Cytosine
N-Acyl-D-mannosaminolactone
D-Ribitol-5-phosphate
Indole-3-acetaldehyde
Indole
Tryptophan
3-Methyleneoxindole
D-Ribose
5-6-Dihydrouracil
Phenylalanine
Methionine
Leucine/isoleucine
Valine
Ornithine
Choline
Cytidine
Serine
Cystine
Indole-3-acetate
Arginine
Thymidine
5-Oxoproline
Glutamine
5-Hydroxyisourate
5-6-Dihydrothymine
Histidine
Pyridoxamine
2-Methyleneglutarate
D-Glucose
Ascorbate
Riboflavin
Pantothenate
Octadecanoic acid (oleic acid)
Proline
gamma-L-Glutamylputrescine
Pyruvate
Phosphate
Dodecanoic acid
Anthranilate
Nicotinamide
N-Acyl-D-aspartate
2-Oxoglutaramate
Lactate
2-Oxoglutarate
N-Succinyl-L-citrulline
Hexanoic acid (caproate)
(5-L-Glutamyl)-L-glutamine
N-Acetylneuraminate
Allantoate
Aspartate
Spermine
Spermidine
Glutamate
Citrate
Malate
Alanine
Pyridoxal
Fumarate
Asparagine
D-Glyceraldehyde 3-phosphate

0 h 12 h 24 h 36 h

Scaled
peak
area

−2
−1
0
1
2

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

ΔC
/C

0
(+

 if
 p

ro
du

ce
d,

 -
if 

co
ns

um
ed

)

Targeted

Untargeted - Low cell conc.

Untargeted - High cell conc.

A

C

B

E

-4

-2

PC1 (75.1 %)

PC
2 

(1
2.

7%
)

-2 0 2 4

-1
0

1
2

High
0 h

Low
0 h

Low
12 h

Low
24 h

Low
36 h

High
12 h

High
24 h

High
36 h

1
2

3
4

5

0 h 12 h 24 h 36 h

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

Culture time (h)

Sc
al

ed
 p

ea
k 

ar
ea

Serine

2−Oxoglutaramate

2−Oxoglutarate

Citrate
Lactate

Malate

Adenine

Adenosine

Allantoate

Cytidine

Guanine

Guanosine

Hypoxanthine

Pyridoxal

Thymidine

(5−L−Glutamyl)−L−glutamine

Choline

N−Acetyl−L−citrulline

N−Acetylneuraminate

N−Succinyl−L−citrulline

Spermidine

Spermine

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8
1.0

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
PC1

PC
2

Amino acids
Central carbon metabolism
Fatty acids
GSH homeostasis
Indole and tryptophan metabolism
Nucleotides
Other

D

1
3

4
2

5

Indoxyl
Hypoxanthine
L-Noradrenaline
Inosine
Guanosine
Adenosine
Adenine
Guanine
N-Acetyl-L-citrulline
Sorbitol.mannitol
alpha-D-Ribose 1-phosphate
D-glucono-1,5-lactone
Heptanoic acid
Tyrosine
Threonine
Indolepyruvate
Lysine
cis-p-Coumarate
Cytosine
N-Acyl-D-mannosaminolactone
D-Ribitol-5-phosphate
Indole-3-acetaldehyde
Indole
Tryptophan
3-Methyleneoxindole
D-Ribose
5-6-Dihydrouracil
Phenylalanine
Methionine
Leucine/isoleucine
Valine
Ornithine
Choline
Cytidine
Serine
Cystine
Indole-3-acetate
Arginine
Thymidine
5-Oxoproline
Glutamine
5-Hydroxyisourate
5-6-Dihydrothymine
Histidine
Pyridoxamine
2-Methyleneglutarate
D-Glucose
Ascorbate
Riboflavin
Pantothenate
Octadecanoic acid (oleic acid)
Proline
gamma-L-Glutamylputrescine
Pyruvate
Phosphate
Dodecanoic acid
Anthranilate
Nicotinamide
N-Acyl-D-aspartate
2-Oxoglutaramate
Lactate
2-Oxoglutarate
N-Succinyl-L-citrulline
Hexanoic acid (caproate)
(5-L-Glutamyl)-L-glutamine
N-Acetylneuraminate
Allantoate
Aspartate
Spermine
Spermidine
Glutamate
Citrate
Malate
Alanine
Pyridoxal
Fumarate
Asparagine
D-Glyceraldehyde 3-phosphate

0 h 12 h 24 h 36 h

Scaled
peak
area

−2
−1
0
1
2

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

ΔC
/C

0
(+

 if
 p

ro
du

ce
d,

 -
if 

co
ns

um
ed

)

Targeted

Untargeted - Low cell conc.

Untargeted - High cell conc.

A

C

B

E

-4

-2

PC1 (75.1 %)

PC
2 

(1
2.

7%
)

-2 0 2 4

-1
0

1
2

High
0 h

Low
0 h

Low
12 h

Low
24 h

Low
36 h

High
12 h

High
24 h

High
36 h

1
2

3
4

5

0 h 12 h 24 h 36 h

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

Culture time (h)

Sc
al

ed
 p

ea
k 

ar
ea

Serine

2−Oxoglutaramate

2−Oxoglutarate

Citrate
Lactate

Malate

Adenine

Adenosine

Allantoate

Cytidine

Guanine

Guanosine

Hypoxanthine

Pyridoxal

Thymidine

(5−L−Glutamyl)−L−glutamine

Choline

N−Acetyl−L−citrulline

N−Acetylneuraminate

N−Succinyl−L−citrulline

Spermidine

Spermine

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8
1.0

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
PC1

PC
2

Amino acids
Central carbon metabolism
Fatty acids
GSH homeostasis
Indole and tryptophan metabolism
Nucleotides
Other

D

1
3

4
2

5

Indoxyl
Hypoxanthine
L-Noradrenaline
Inosine
Guanosine
Adenosine
Adenine
Guanine
N-Acetyl-L-citrulline
Sorbitol.mannitol
alpha-D-Ribose 1-phosphate
D-glucono-1,5-lactone
Heptanoic acid
Tyrosine
Threonine
Indolepyruvate
Lysine
cis-p-Coumarate
Cytosine
N-Acyl-D-mannosaminolactone
D-Ribitol-5-phosphate
Indole-3-acetaldehyde
Indole
Tryptophan
3-Methyleneoxindole
D-Ribose
5-6-Dihydrouracil
Phenylalanine
Methionine
Leucine/isoleucine
Valine
Ornithine
Choline
Cytidine
Serine
Cystine
Indole-3-acetate
Arginine
Thymidine
5-Oxoproline
Glutamine
5-Hydroxyisourate
5-6-Dihydrothymine
Histidine
Pyridoxamine
2-Methyleneglutarate
D-Glucose
Ascorbate
Riboflavin
Pantothenate
Octadecanoic acid (oleic acid)
Proline
gamma-L-Glutamylputrescine
Pyruvate
Phosphate
Dodecanoic acid
Anthranilate
Nicotinamide
N-Acyl-D-aspartate
2-Oxoglutaramate
Lactate
2-Oxoglutarate
N-Succinyl-L-citrulline
Hexanoic acid (caproate)
(5-L-Glutamyl)-L-glutamine
N-Acetylneuraminate
Allantoate
Aspartate
Spermine
Spermidine
Glutamate
Citrate
Malate
Alanine
Pyridoxal
Fumarate
Asparagine
D-Glyceraldehyde 3-phosphate

0 h 12 h 24 h 36 h

Scaled
peak
area

−2
−1
0
1
2

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

ΔC
/C

0
(+

 if
 p

ro
du

ce
d,

 -
if 

co
ns

um
ed

)

Targeted

Untargeted - Low cell conc.

Untargeted - High cell conc.

A

C

B

E

-4

-2

PC1 (75.1 %)

PC
2 

(1
2.

7%
)

-2 0 2 4

-1
0

1
2

High
0 h

Low
0 h

Low
12 h

Low
24 h

Low
36 h

High
12 h

High
24 h

High
36 h

1
2

3
4

5

0 h 12 h 24 h 36 h

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

Culture time (h)

Sc
al

ed
 p

ea
k 

ar
ea

Serine

2−Oxoglutaramate

2−Oxoglutarate

Citrate
Lactate

Malate

Adenine

Adenosine

Allantoate

Cytidine

Guanine

Guanosine

Hypoxanthine

Pyridoxal

Thymidine

(5−L−Glutamyl)−L−glutamine

Choline

N−Acetyl−L−citrulline

N−Acetylneuraminate

N−Succinyl−L−citrulline

Spermidine

Spermine

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8
1.0

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
PC1

PC
2

Amino acids
Central carbon metabolism
Fatty acids
GSH homeostasis
Indole and tryptophan metabolism
Nucleotides
Other

D

1
3

4
2

5

Indoxyl
Hypoxanthine
L-Noradrenaline
Inosine
Guanosine
Adenosine
Adenine
Guanine
N-Acetyl-L-citrulline
Sorbitol.mannitol
alpha-D-Ribose 1-phosphate
D-glucono-1,5-lactone
Heptanoic acid
Tyrosine
Threonine
Indolepyruvate
Lysine
cis-p-Coumarate
Cytosine
N-Acyl-D-mannosaminolactone
D-Ribitol-5-phosphate
Indole-3-acetaldehyde
Indole
Tryptophan
3-Methyleneoxindole
D-Ribose
5-6-Dihydrouracil
Phenylalanine
Methionine
Leucine/isoleucine
Valine
Ornithine
Choline
Cytidine
Serine
Cystine
Indole-3-acetate
Arginine
Thymidine
5-Oxoproline
Glutamine
5-Hydroxyisourate
5-6-Dihydrothymine
Histidine
Pyridoxamine
2-Methyleneglutarate
D-Glucose
Ascorbate
Riboflavin
Pantothenate
Octadecanoic acid (oleic acid)
Proline
gamma-L-Glutamylputrescine
Pyruvate
Phosphate
Dodecanoic acid
Anthranilate
Nicotinamide
N-Acyl-D-aspartate
2-Oxoglutaramate
Lactate
2-Oxoglutarate
N-Succinyl-L-citrulline
Hexanoic acid (caproate)
(5-L-Glutamyl)-L-glutamine
N-Acetylneuraminate
Allantoate
Aspartate
Spermine
Spermidine
Glutamate
Citrate
Malate
Alanine
Pyridoxal
Fumarate
Asparagine
D-Glyceraldehyde 3-phosphate

0 h 12 h 24 h 36 h

Scaled
peak
area

−2
−1
0
1
2

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

ΔC
/C

0
(+

 if
 p

ro
du

ce
d,

 -
if 

co
ns

um
ed

)

Targeted

Untargeted - Low cell conc.

Untargeted - High cell conc.

A

C

B

E

-4

-2

PC1 (75.1 %)

PC
2 

(1
2.

7%
)

-2 0 2 4

-1
0

1
2

High
0 h

Low
0 h

Low
12 h

Low
24 h

Low
36 h

High
12 h

High
24 h

High
36 h

1
2

3
4

5

0 h 12 h 24 h 36 h

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

Culture time (h)

Sc
al

ed
 p

ea
k 

ar
ea

Serine

2−Oxoglutaramate

2−Oxoglutarate

Citrate
Lactate

Malate

Adenine

Adenosine

Allantoate

Cytidine

Guanine

Guanosine

Hypoxanthine

Pyridoxal

Thymidine

(5−L−Glutamyl)−L−glutamine

Choline

N−Acetyl−L−citrulline

N−Acetylneuraminate

N−Succinyl−L−citrulline

Spermidine

Spermine

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8
1.0

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
PC1

PC
2

Amino acids
Central carbon metabolism
Fatty acids
GSH homeostasis
Indole and tryptophan metabolism
Nucleotides
Other

D

1
3

4
2

5

Indoxyl
Hypoxanthine
L-Noradrenaline
Inosine
Guanosine
Adenosine
Adenine
Guanine
N-Acetyl-L-citrulline
Sorbitol.mannitol
alpha-D-Ribose 1-phosphate
D-glucono-1,5-lactone
Heptanoic acid
Tyrosine
Threonine
Indolepyruvate
Lysine
cis-p-Coumarate
Cytosine
N-Acyl-D-mannosaminolactone
D-Ribitol-5-phosphate
Indole-3-acetaldehyde
Indole
Tryptophan
3-Methyleneoxindole
D-Ribose
5-6-Dihydrouracil
Phenylalanine
Methionine
Leucine/isoleucine
Valine
Ornithine
Choline
Cytidine
Serine
Cystine
Indole-3-acetate
Arginine
Thymidine
5-Oxoproline
Glutamine
5-Hydroxyisourate
5-6-Dihydrothymine
Histidine
Pyridoxamine
2-Methyleneglutarate
D-Glucose
Ascorbate
Riboflavin
Pantothenate
Octadecanoic acid (oleic acid)
Proline
gamma-L-Glutamylputrescine
Pyruvate
Phosphate
Dodecanoic acid
Anthranilate
Nicotinamide
N-Acyl-D-aspartate
2-Oxoglutaramate
Lactate
2-Oxoglutarate
N-Succinyl-L-citrulline
Hexanoic acid (caproate)
(5-L-Glutamyl)-L-glutamine
N-Acetylneuraminate
Allantoate
Aspartate
Spermine
Spermidine
Glutamate
Citrate
Malate
Alanine
Pyridoxal
Fumarate
Asparagine
D-Glyceraldehyde 3-phosphate

0 h 12 h 24 h 36 h

Scaled
peak
area

−2
−1
0
1
2

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

ΔC
/C

0
(+

 if
 p

ro
du

ce
d,

 -
if 

co
ns

um
ed

)

Targeted

Untargeted - Low cell conc.

Untargeted - High cell conc.

A

C

B

E

-4

-2

PC1 (75.1 %)

PC
2 

(1
2.

7%
)

-2 0 2 4

-1
0

1
2

High
0 h

Low
0 h

Low
12 h

Low
24 h

Low
36 h

High
12 h

High
24 h

High
36 h

1
2

3
4

5

0 h 12 h 24 h 36 h

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

Culture time (h)

Sc
al

ed
 p

ea
k 

ar
ea

Serine

2−Oxoglutaramate

2−Oxoglutarate

Citrate
Lactate

Malate

Adenine

Adenosine

Allantoate

Cytidine

Guanine

Guanosine

Hypoxanthine

Pyridoxal

Thymidine

(5−L−Glutamyl)−L−glutamine

Choline

N−Acetyl−L−citrulline

N−Acetylneuraminate

N−Succinyl−L−citrulline

Spermidine

Spermine

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8
1.0

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
PC1

PC
2

Amino acids
Central carbon metabolism
Fatty acids
GSH homeostasis
Indole and tryptophan metabolism
Nucleotides
Other

D

1
3

4
2

5

Indoxyl
Hypoxanthine
L-Noradrenaline
Inosine
Guanosine
Adenosine
Adenine
Guanine
N-Acetyl-L-citrulline
Sorbitol.mannitol
alpha-D-Ribose 1-phosphate
D-glucono-1,5-lactone
Heptanoic acid
Tyrosine
Threonine
Indolepyruvate
Lysine
cis-p-Coumarate
Cytosine
N-Acyl-D-mannosaminolactone
D-Ribitol-5-phosphate
Indole-3-acetaldehyde
Indole
Tryptophan
3-Methyleneoxindole
D-Ribose
5-6-Dihydrouracil
Phenylalanine
Methionine
Leucine/isoleucine
Valine
Ornithine
Choline
Cytidine
Serine
Cystine
Indole-3-acetate
Arginine
Thymidine
5-Oxoproline
Glutamine
5-Hydroxyisourate
5-6-Dihydrothymine
Histidine
Pyridoxamine
2-Methyleneglutarate
D-Glucose
Ascorbate
Riboflavin
Pantothenate
Octadecanoic acid (oleic acid)
Proline
gamma-L-Glutamylputrescine
Pyruvate
Phosphate
Dodecanoic acid
Anthranilate
Nicotinamide
N-Acyl-D-aspartate
2-Oxoglutaramate
Lactate
2-Oxoglutarate
N-Succinyl-L-citrulline
Hexanoic acid (caproate)
(5-L-Glutamyl)-L-glutamine
N-Acetylneuraminate
Allantoate
Aspartate
Spermine
Spermidine
Glutamate
Citrate
Malate
Alanine
Pyridoxal
Fumarate
Asparagine
D-Glyceraldehyde 3-phosphate

0 h 12 h 24 h 36 h

Scaled
peak
area

−2
−1
0
1
2

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

ΔC
/C

0
(+

 if
 p

ro
du

ce
d,

 -
if 

co
ns

um
ed

)

Targeted

Untargeted - Low cell conc.

Untargeted - High cell conc.

A

C

B

E

-4

-2

PC1 (75.1 %)

PC
2 

(1
2.

7%
)

-2 0 2 4

-1
0

1
2

High
0 h

Low
0 h

Low
12 h

Low
24 h

Low
36 h

High
12 h

High
24 h

High
36 h

1
2

3
4

5

0 h 12 h 24 h 36 h

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

Culture time (h)

Sc
al

ed
 p

ea
k 

ar
ea

Serine

2−Oxoglutaramate

2−Oxoglutarate

Citrate
Lactate

Malate

Adenine

Adenosine

Allantoate

Cytidine

Guanine

Guanosine

Hypoxanthine

Pyridoxal

Thymidine

(5−L−Glutamyl)−L−glutamine

Choline

N−Acetyl−L−citrulline

N−Acetylneuraminate

N−Succinyl−L−citrulline

Spermidine

Spermine

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8
1.0

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
PC1

PC
2

Amino acids
Central carbon metabolism
Fatty acids
GSH homeostasis
Indole and tryptophan metabolism
Nucleotides
Other

D

1
3

4
2

5

Indoxyl
Hypoxanthine
L-Noradrenaline
Inosine
Guanosine
Adenosine
Adenine
Guanine
N-Acetyl-L-citrulline
Sorbitol.mannitol
alpha-D-Ribose 1-phosphate
D-glucono-1,5-lactone
Heptanoic acid
Tyrosine
Threonine
Indolepyruvate
Lysine
cis-p-Coumarate
Cytosine
N-Acyl-D-mannosaminolactone
D-Ribitol-5-phosphate
Indole-3-acetaldehyde
Indole
Tryptophan
3-Methyleneoxindole
D-Ribose
5-6-Dihydrouracil
Phenylalanine
Methionine
Leucine/isoleucine
Valine
Ornithine
Choline
Cytidine
Serine
Cystine
Indole-3-acetate
Arginine
Thymidine
5-Oxoproline
Glutamine
5-Hydroxyisourate
5-6-Dihydrothymine
Histidine
Pyridoxamine
2-Methyleneglutarate
D-Glucose
Ascorbate
Riboflavin
Pantothenate
Octadecanoic acid (oleic acid)
Proline
gamma-L-Glutamylputrescine
Pyruvate
Phosphate
Dodecanoic acid
Anthranilate
Nicotinamide
N-Acyl-D-aspartate
2-Oxoglutaramate
Lactate
2-Oxoglutarate
N-Succinyl-L-citrulline
Hexanoic acid (caproate)
(5-L-Glutamyl)-L-glutamine
N-Acetylneuraminate
Allantoate
Aspartate
Spermine
Spermidine
Glutamate
Citrate
Malate
Alanine
Pyridoxal
Fumarate
Asparagine
D-Glyceraldehyde 3-phosphate

0 h 12 h 24 h 36 h

Scaled
peak
area

−2
−1
0
1
2

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

ΔC
/C

0
(+

 if
 p

ro
du

ce
d,

 -
if 

co
ns

um
ed

)

Targeted

Untargeted - Low cell conc.

Untargeted - High cell conc.

A

C

B

E

-4

-2

PC1 (75.1 %)

PC
2 

(1
2.

7%
)

-2 0 2 4

-1
0

1
2

High
0 h

Low
0 h

Low
12 h

Low
24 h

Low
36 h

High
12 h

High
24 h

High
36 h

1
2

3
4

5

0 h 12 h 24 h 36 h

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

Culture time (h)

Sc
al

ed
 p

ea
k 

ar
ea

Serine

2−Oxoglutaramate

2−Oxoglutarate

Citrate
Lactate

Malate

Adenine

Adenosine

Allantoate

Cytidine

Guanine

Guanosine

Hypoxanthine

Pyridoxal

Thymidine

(5−L−Glutamyl)−L−glutamine

Choline

N−Acetyl−L−citrulline

N−Acetylneuraminate

N−Succinyl−L−citrulline

Spermidine

Spermine

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8
1.0

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
PC1

PC
2

Amino acids
Central carbon metabolism
Fatty acids
GSH homeostasis
Indole and tryptophan metabolism
Nucleotides
Other

D

129

Metabolic profiling of cultured erythroblast for the production of transfusion-ready cultured red blood cells

3

Figure 4. 
(Continues in next page)



1
3

4
2

5

Indoxyl
Hypoxanthine
L-Noradrenaline
Inosine
Guanosine
Adenosine
Adenine
Guanine
N-Acetyl-L-citrulline
Sorbitol.mannitol
alpha-D-Ribose 1-phosphate
D-glucono-1,5-lactone
Heptanoic acid
Tyrosine
Threonine
Indolepyruvate
Lysine
cis-p-Coumarate
Cytosine
N-Acyl-D-mannosaminolactone
D-Ribitol-5-phosphate
Indole-3-acetaldehyde
Indole
Tryptophan
3-Methyleneoxindole
D-Ribose
5-6-Dihydrouracil
Phenylalanine
Methionine
Leucine/isoleucine
Valine
Ornithine
Choline
Cytidine
Serine
Cystine
Indole-3-acetate
Arginine
Thymidine
5-Oxoproline
Glutamine
5-Hydroxyisourate
5-6-Dihydrothymine
Histidine
Pyridoxamine
2-Methyleneglutarate
D-Glucose
Ascorbate
Riboflavin
Pantothenate
Octadecanoic acid (oleic acid)
Proline
gamma-L-Glutamylputrescine
Pyruvate
Phosphate
Dodecanoic acid
Anthranilate
Nicotinamide
N-Acyl-D-aspartate
2-Oxoglutaramate
Lactate
2-Oxoglutarate
N-Succinyl-L-citrulline
Hexanoic acid (caproate)
(5-L-Glutamyl)-L-glutamine
N-Acetylneuraminate
Allantoate
Aspartate
Spermine
Spermidine
Glutamate
Citrate
Malate
Alanine
Pyridoxal
Fumarate
Asparagine
D-Glyceraldehyde 3-phosphate

0 h 12 h 24 h 36 h

Scaled
peak
area

−2
−1
0
1
2

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

ΔC
/C

0
(+

 if
 p

ro
du

ce
d,

 -
if 

co
ns

um
ed

)

Targeted

Untargeted - Low cell conc.

Untargeted - High cell conc.

A

C

B

E

-4

-2

PC1 (75.1 %)

PC
2 

(1
2.

7%
)

-2 0 2 4

-1
0

1
2

High
0 h

Low
0 h

Low
12 h

Low
24 h

Low
36 h

High
12 h

High
24 h

High
36 h

1
2

3
4

5

0 h 12 h 24 h 36 h

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

Culture time (h)

Sc
al

ed
 p

ea
k 

ar
ea

Serine

2−Oxoglutaramate

2−Oxoglutarate

Citrate
Lactate

Malate

Adenine

Adenosine

Allantoate

Cytidine

Guanine

Guanosine

Hypoxanthine

Pyridoxal

Thymidine

(5−L−Glutamyl)−L−glutamine

Choline

N−Acetyl−L−citrulline

N−Acetylneuraminate

N−Succinyl−L−citrulline

Spermidine

Spermine

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8
1.0

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
PC1

PC
2

Amino acids
Central carbon metabolism
Fatty acids
GSH homeostasis
Indole and tryptophan metabolism
Nucleotides
Other

D

1
3

4
2

5

Indoxyl
Hypoxanthine
L-Noradrenaline
Inosine
Guanosine
Adenosine
Adenine
Guanine
N-Acetyl-L-citrulline
Sorbitol.mannitol
alpha-D-Ribose 1-phosphate
D-glucono-1,5-lactone
Heptanoic acid
Tyrosine
Threonine
Indolepyruvate
Lysine
cis-p-Coumarate
Cytosine
N-Acyl-D-mannosaminolactone
D-Ribitol-5-phosphate
Indole-3-acetaldehyde
Indole
Tryptophan
3-Methyleneoxindole
D-Ribose
5-6-Dihydrouracil
Phenylalanine
Methionine
Leucine/isoleucine
Valine
Ornithine
Choline
Cytidine
Serine
Cystine
Indole-3-acetate
Arginine
Thymidine
5-Oxoproline
Glutamine
5-Hydroxyisourate
5-6-Dihydrothymine
Histidine
Pyridoxamine
2-Methyleneglutarate
D-Glucose
Ascorbate
Riboflavin
Pantothenate
Octadecanoic acid (oleic acid)
Proline
gamma-L-Glutamylputrescine
Pyruvate
Phosphate
Dodecanoic acid
Anthranilate
Nicotinamide
N-Acyl-D-aspartate
2-Oxoglutaramate
Lactate
2-Oxoglutarate
N-Succinyl-L-citrulline
Hexanoic acid (caproate)
(5-L-Glutamyl)-L-glutamine
N-Acetylneuraminate
Allantoate
Aspartate
Spermine
Spermidine
Glutamate
Citrate
Malate
Alanine
Pyridoxal
Fumarate
Asparagine
D-Glyceraldehyde 3-phosphate

0 h 12 h 24 h 36 h

Scaled
peak
area

−2
−1
0
1
2

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

ΔC
/C

0
(+

 if
 p

ro
du

ce
d,

 -
if 

co
ns

um
ed

)

Targeted

Untargeted - Low cell conc.

Untargeted - High cell conc.

A

C

B

E

-4

-2

PC1 (75.1 %)

PC
2 

(1
2.

7%
)

-2 0 2 4

-1
0

1
2

High
0 h

Low
0 h

Low
12 h

Low
24 h

Low
36 h

High
12 h

High
24 h

High
36 h

1
2

3
4

5

0 h 12 h 24 h 36 h

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

Culture time (h)

Sc
al

ed
 p

ea
k 

ar
ea

Serine

2−Oxoglutaramate

2−Oxoglutarate

Citrate
Lactate

Malate

Adenine

Adenosine

Allantoate

Cytidine

Guanine

Guanosine

Hypoxanthine

Pyridoxal

Thymidine

(5−L−Glutamyl)−L−glutamine

Choline

N−Acetyl−L−citrulline

N−Acetylneuraminate

N−Succinyl−L−citrulline

Spermidine

Spermine

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8
1.0

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
PC1

PC
2

Amino acids
Central carbon metabolism
Fatty acids
GSH homeostasis
Indole and tryptophan metabolism
Nucleotides
Other

D

1
3

4
2

5

Indoxyl
Hypoxanthine
L-Noradrenaline
Inosine
Guanosine
Adenosine
Adenine
Guanine
N-Acetyl-L-citrulline
Sorbitol.mannitol
alpha-D-Ribose 1-phosphate
D-glucono-1,5-lactone
Heptanoic acid
Tyrosine
Threonine
Indolepyruvate
Lysine
cis-p-Coumarate
Cytosine
N-Acyl-D-mannosaminolactone
D-Ribitol-5-phosphate
Indole-3-acetaldehyde
Indole
Tryptophan
3-Methyleneoxindole
D-Ribose
5-6-Dihydrouracil
Phenylalanine
Methionine
Leucine/isoleucine
Valine
Ornithine
Choline
Cytidine
Serine
Cystine
Indole-3-acetate
Arginine
Thymidine
5-Oxoproline
Glutamine
5-Hydroxyisourate
5-6-Dihydrothymine
Histidine
Pyridoxamine
2-Methyleneglutarate
D-Glucose
Ascorbate
Riboflavin
Pantothenate
Octadecanoic acid (oleic acid)
Proline
gamma-L-Glutamylputrescine
Pyruvate
Phosphate
Dodecanoic acid
Anthranilate
Nicotinamide
N-Acyl-D-aspartate
2-Oxoglutaramate
Lactate
2-Oxoglutarate
N-Succinyl-L-citrulline
Hexanoic acid (caproate)
(5-L-Glutamyl)-L-glutamine
N-Acetylneuraminate
Allantoate
Aspartate
Spermine
Spermidine
Glutamate
Citrate
Malate
Alanine
Pyridoxal
Fumarate
Asparagine
D-Glyceraldehyde 3-phosphate

0 h 12 h 24 h 36 h

Scaled
peak
area

−2
−1
0
1
2

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

ΔC
/C

0
(+

 if
 p

ro
du

ce
d,

 -
if 

co
ns

um
ed

)

Targeted

Untargeted - Low cell conc.

Untargeted - High cell conc.

A

C

B

E

-4

-2

PC1 (75.1 %)

PC
2 

(1
2.

7%
)

-2 0 2 4

-1
0

1
2

High
0 h

Low
0 h

Low
12 h

Low
24 h

Low
36 h

High
12 h

High
24 h

High
36 h

1
2

3
4

5

0 h 12 h 24 h 36 h

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

Culture time (h)

Sc
al

ed
 p

ea
k 

ar
ea

Serine

2−Oxoglutaramate

2−Oxoglutarate

Citrate
Lactate

Malate

Adenine

Adenosine

Allantoate

Cytidine

Guanine

Guanosine

Hypoxanthine

Pyridoxal

Thymidine

(5−L−Glutamyl)−L−glutamine

Choline

N−Acetyl−L−citrulline

N−Acetylneuraminate

N−Succinyl−L−citrulline

Spermidine

Spermine

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8
1.0

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
PC1

PC
2

Amino acids
Central carbon metabolism
Fatty acids
GSH homeostasis
Indole and tryptophan metabolism
Nucleotides
Other

D

1
3

4
2

5

Indoxyl
Hypoxanthine
L-Noradrenaline
Inosine
Guanosine
Adenosine
Adenine
Guanine
N-Acetyl-L-citrulline
Sorbitol.mannitol
alpha-D-Ribose 1-phosphate
D-glucono-1,5-lactone
Heptanoic acid
Tyrosine
Threonine
Indolepyruvate
Lysine
cis-p-Coumarate
Cytosine
N-Acyl-D-mannosaminolactone
D-Ribitol-5-phosphate
Indole-3-acetaldehyde
Indole
Tryptophan
3-Methyleneoxindole
D-Ribose
5-6-Dihydrouracil
Phenylalanine
Methionine
Leucine/isoleucine
Valine
Ornithine
Choline
Cytidine
Serine
Cystine
Indole-3-acetate
Arginine
Thymidine
5-Oxoproline
Glutamine
5-Hydroxyisourate
5-6-Dihydrothymine
Histidine
Pyridoxamine
2-Methyleneglutarate
D-Glucose
Ascorbate
Riboflavin
Pantothenate
Octadecanoic acid (oleic acid)
Proline
gamma-L-Glutamylputrescine
Pyruvate
Phosphate
Dodecanoic acid
Anthranilate
Nicotinamide
N-Acyl-D-aspartate
2-Oxoglutaramate
Lactate
2-Oxoglutarate
N-Succinyl-L-citrulline
Hexanoic acid (caproate)
(5-L-Glutamyl)-L-glutamine
N-Acetylneuraminate
Allantoate
Aspartate
Spermine
Spermidine
Glutamate
Citrate
Malate
Alanine
Pyridoxal
Fumarate
Asparagine
D-Glyceraldehyde 3-phosphate

0 h 12 h 24 h 36 h

Scaled
peak
area

−2
−1
0
1
2

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

ΔC
/C

0
(+

 if
 p

ro
du

ce
d,

 -
if 

co
ns

um
ed

)

Targeted

Untargeted - Low cell conc.

Untargeted - High cell conc.

A

C

B

E

-4

-2

PC1 (75.1 %)

PC
2 

(1
2.

7%
)

-2 0 2 4

-1
0

1
2

High
0 h

Low
0 h

Low
12 h

Low
24 h

Low
36 h

High
12 h

High
24 h

High
36 h

1
2

3
4

5

0 h 12 h 24 h 36 h

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

Culture time (h)

Sc
al

ed
 p

ea
k 

ar
ea

Serine

2−Oxoglutaramate

2−Oxoglutarate

Citrate
Lactate

Malate

Adenine

Adenosine

Allantoate

Cytidine

Guanine

Guanosine

Hypoxanthine

Pyridoxal

Thymidine

(5−L−Glutamyl)−L−glutamine

Choline

N−Acetyl−L−citrulline

N−Acetylneuraminate

N−Succinyl−L−citrulline

Spermidine

Spermine

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8
1.0

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
PC1

PC
2

Amino acids
Central carbon metabolism
Fatty acids
GSH homeostasis
Indole and tryptophan metabolism
Nucleotides
Other

D

1
3

4
2

5

Indoxyl
Hypoxanthine
L-Noradrenaline
Inosine
Guanosine
Adenosine
Adenine
Guanine
N-Acetyl-L-citrulline
Sorbitol.mannitol
alpha-D-Ribose 1-phosphate
D-glucono-1,5-lactone
Heptanoic acid
Tyrosine
Threonine
Indolepyruvate
Lysine
cis-p-Coumarate
Cytosine
N-Acyl-D-mannosaminolactone
D-Ribitol-5-phosphate
Indole-3-acetaldehyde
Indole
Tryptophan
3-Methyleneoxindole
D-Ribose
5-6-Dihydrouracil
Phenylalanine
Methionine
Leucine/isoleucine
Valine
Ornithine
Choline
Cytidine
Serine
Cystine
Indole-3-acetate
Arginine
Thymidine
5-Oxoproline
Glutamine
5-Hydroxyisourate
5-6-Dihydrothymine
Histidine
Pyridoxamine
2-Methyleneglutarate
D-Glucose
Ascorbate
Riboflavin
Pantothenate
Octadecanoic acid (oleic acid)
Proline
gamma-L-Glutamylputrescine
Pyruvate
Phosphate
Dodecanoic acid
Anthranilate
Nicotinamide
N-Acyl-D-aspartate
2-Oxoglutaramate
Lactate
2-Oxoglutarate
N-Succinyl-L-citrulline
Hexanoic acid (caproate)
(5-L-Glutamyl)-L-glutamine
N-Acetylneuraminate
Allantoate
Aspartate
Spermine
Spermidine
Glutamate
Citrate
Malate
Alanine
Pyridoxal
Fumarate
Asparagine
D-Glyceraldehyde 3-phosphate

0 h 12 h 24 h 36 h

Scaled
peak
area

−2
−1
0
1
2

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

ΔC
/C

0
(+

 if
 p

ro
du

ce
d,

 -
if 

co
ns

um
ed

)

Targeted

Untargeted - Low cell conc.

Untargeted - High cell conc.

A

C

B

E

-4

-2

PC1 (75.1 %)

PC
2 

(1
2.

7%
)

-2 0 2 4

-1
0

1
2

High
0 h

Low
0 h

Low
12 h

Low
24 h

Low
36 h

High
12 h

High
24 h

High
36 h

1
2

3
4

5

0 h 12 h 24 h 36 h

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

Culture time (h)

Sc
al

ed
 p

ea
k 

ar
ea

Serine

2−Oxoglutaramate

2−Oxoglutarate

Citrate
Lactate

Malate

Adenine

Adenosine

Allantoate

Cytidine

Guanine

Guanosine

Hypoxanthine

Pyridoxal

Thymidine

(5−L−Glutamyl)−L−glutamine

Choline

N−Acetyl−L−citrulline

N−Acetylneuraminate

N−Succinyl−L−citrulline

Spermidine

Spermine

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8
1.0

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
PC1

PC
2

Amino acids
Central carbon metabolism
Fatty acids
GSH homeostasis
Indole and tryptophan metabolism
Nucleotides
Other

D

1
3

4
2

5

Indoxyl
Hypoxanthine
L-Noradrenaline
Inosine
Guanosine
Adenosine
Adenine
Guanine
N-Acetyl-L-citrulline
Sorbitol.mannitol
alpha-D-Ribose 1-phosphate
D-glucono-1,5-lactone
Heptanoic acid
Tyrosine
Threonine
Indolepyruvate
Lysine
cis-p-Coumarate
Cytosine
N-Acyl-D-mannosaminolactone
D-Ribitol-5-phosphate
Indole-3-acetaldehyde
Indole
Tryptophan
3-Methyleneoxindole
D-Ribose
5-6-Dihydrouracil
Phenylalanine
Methionine
Leucine/isoleucine
Valine
Ornithine
Choline
Cytidine
Serine
Cystine
Indole-3-acetate
Arginine
Thymidine
5-Oxoproline
Glutamine
5-Hydroxyisourate
5-6-Dihydrothymine
Histidine
Pyridoxamine
2-Methyleneglutarate
D-Glucose
Ascorbate
Riboflavin
Pantothenate
Octadecanoic acid (oleic acid)
Proline
gamma-L-Glutamylputrescine
Pyruvate
Phosphate
Dodecanoic acid
Anthranilate
Nicotinamide
N-Acyl-D-aspartate
2-Oxoglutaramate
Lactate
2-Oxoglutarate
N-Succinyl-L-citrulline
Hexanoic acid (caproate)
(5-L-Glutamyl)-L-glutamine
N-Acetylneuraminate
Allantoate
Aspartate
Spermine
Spermidine
Glutamate
Citrate
Malate
Alanine
Pyridoxal
Fumarate
Asparagine
D-Glyceraldehyde 3-phosphate

0 h 12 h 24 h 36 h

Scaled
peak
area

−2
−1
0
1
2

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

ΔC
/C

0
(+

 if
 p

ro
du

ce
d,

 -
if 

co
ns

um
ed

)

Targeted

Untargeted - Low cell conc.

Untargeted - High cell conc.

A

C

B

E

-4

-2

PC1 (75.1 %)

PC
2 

(1
2.

7%
)

-2 0 2 4

-1
0

1
2

High
0 h

Low
0 h

Low
12 h

Low
24 h

Low
36 h

High
12 h

High
24 h

High
36 h

1
2

3
4

5

0 h 12 h 24 h 36 h

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

Culture time (h)

Sc
al

ed
 p

ea
k 

ar
ea

Serine

2−Oxoglutaramate

2−Oxoglutarate

Citrate
Lactate

Malate

Adenine

Adenosine

Allantoate

Cytidine

Guanine

Guanosine

Hypoxanthine

Pyridoxal

Thymidine

(5−L−Glutamyl)−L−glutamine

Choline

N−Acetyl−L−citrulline

N−Acetylneuraminate

N−Succinyl−L−citrulline

Spermidine

Spermine

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8
1.0

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
PC1

PC
2

Amino acids
Central carbon metabolism
Fatty acids
GSH homeostasis
Indole and tryptophan metabolism
Nucleotides
Other

D

1
3

4
2

5

Indoxyl
Hypoxanthine
L-Noradrenaline
Inosine
Guanosine
Adenosine
Adenine
Guanine
N-Acetyl-L-citrulline
Sorbitol.mannitol
alpha-D-Ribose 1-phosphate
D-glucono-1,5-lactone
Heptanoic acid
Tyrosine
Threonine
Indolepyruvate
Lysine
cis-p-Coumarate
Cytosine
N-Acyl-D-mannosaminolactone
D-Ribitol-5-phosphate
Indole-3-acetaldehyde
Indole
Tryptophan
3-Methyleneoxindole
D-Ribose
5-6-Dihydrouracil
Phenylalanine
Methionine
Leucine/isoleucine
Valine
Ornithine
Choline
Cytidine
Serine
Cystine
Indole-3-acetate
Arginine
Thymidine
5-Oxoproline
Glutamine
5-Hydroxyisourate
5-6-Dihydrothymine
Histidine
Pyridoxamine
2-Methyleneglutarate
D-Glucose
Ascorbate
Riboflavin
Pantothenate
Octadecanoic acid (oleic acid)
Proline
gamma-L-Glutamylputrescine
Pyruvate
Phosphate
Dodecanoic acid
Anthranilate
Nicotinamide
N-Acyl-D-aspartate
2-Oxoglutaramate
Lactate
2-Oxoglutarate
N-Succinyl-L-citrulline
Hexanoic acid (caproate)
(5-L-Glutamyl)-L-glutamine
N-Acetylneuraminate
Allantoate
Aspartate
Spermine
Spermidine
Glutamate
Citrate
Malate
Alanine
Pyridoxal
Fumarate
Asparagine
D-Glyceraldehyde 3-phosphate

0 h 12 h 24 h 36 h

Scaled
peak
area

−2
−1
0
1
2

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

ΔC
/C

0
(+

 if
 p

ro
du

ce
d,

 -
if 

co
ns

um
ed

)

Targeted

Untargeted - Low cell conc.

Untargeted - High cell conc.

A

C

B

E

-4

-2

PC1 (75.1 %)

PC
2 

(1
2.

7%
)

-2 0 2 4

-1
0

1
2

High
0 h

Low
0 h

Low
12 h

Low
24 h

Low
36 h

High
12 h

High
24 h

High
36 h

1
2

3
4

5

0 h 12 h 24 h 36 h

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

Culture time (h)

Sc
al

ed
 p

ea
k 

ar
ea

Serine

2−Oxoglutaramate

2−Oxoglutarate

Citrate
Lactate

Malate

Adenine

Adenosine

Allantoate

Cytidine

Guanine

Guanosine

Hypoxanthine

Pyridoxal

Thymidine

(5−L−Glutamyl)−L−glutamine

Choline

N−Acetyl−L−citrulline

N−Acetylneuraminate

N−Succinyl−L−citrulline

Spermidine

Spermine

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8
1.0

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
PC1

PC
2

Amino acids
Central carbon metabolism
Fatty acids
GSH homeostasis
Indole and tryptophan metabolism
Nucleotides
Other

D

1
3

4
2

5

Indoxyl
Hypoxanthine
L-Noradrenaline
Inosine
Guanosine
Adenosine
Adenine
Guanine
N-Acetyl-L-citrulline
Sorbitol.mannitol
alpha-D-Ribose 1-phosphate
D-glucono-1,5-lactone
Heptanoic acid
Tyrosine
Threonine
Indolepyruvate
Lysine
cis-p-Coumarate
Cytosine
N-Acyl-D-mannosaminolactone
D-Ribitol-5-phosphate
Indole-3-acetaldehyde
Indole
Tryptophan
3-Methyleneoxindole
D-Ribose
5-6-Dihydrouracil
Phenylalanine
Methionine
Leucine/isoleucine
Valine
Ornithine
Choline
Cytidine
Serine
Cystine
Indole-3-acetate
Arginine
Thymidine
5-Oxoproline
Glutamine
5-Hydroxyisourate
5-6-Dihydrothymine
Histidine
Pyridoxamine
2-Methyleneglutarate
D-Glucose
Ascorbate
Riboflavin
Pantothenate
Octadecanoic acid (oleic acid)
Proline
gamma-L-Glutamylputrescine
Pyruvate
Phosphate
Dodecanoic acid
Anthranilate
Nicotinamide
N-Acyl-D-aspartate
2-Oxoglutaramate
Lactate
2-Oxoglutarate
N-Succinyl-L-citrulline
Hexanoic acid (caproate)
(5-L-Glutamyl)-L-glutamine
N-Acetylneuraminate
Allantoate
Aspartate
Spermine
Spermidine
Glutamate
Citrate
Malate
Alanine
Pyridoxal
Fumarate
Asparagine
D-Glyceraldehyde 3-phosphate

0 h 12 h 24 h 36 h

Scaled
peak
area

−2
−1
0
1
2

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

ΔC
/C

0
(+

 if
 p

ro
du

ce
d,

 -
if 

co
ns

um
ed

)

Targeted

Untargeted - Low cell conc.

Untargeted - High cell conc.

A

C

B

E

-4

-2

PC1 (75.1 %)

PC
2 

(1
2.

7%
)

-2 0 2 4

-1
0

1
2

High
0 h

Low
0 h

Low
12 h

Low
24 h

Low
36 h

High
12 h

High
24 h

High
36 h

1
2

3
4

5

0 h 12 h 24 h 36 h

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

−2

−1

0

1

2

Culture time (h)

Sc
al

ed
 p

ea
k 

ar
ea

Serine

2−Oxoglutaramate

2−Oxoglutarate

Citrate
Lactate

Malate

Adenine

Adenosine

Allantoate

Cytidine

Guanine

Guanosine

Hypoxanthine

Pyridoxal

Thymidine

(5−L−Glutamyl)−L−glutamine

Choline

N−Acetyl−L−citrulline

N−Acetylneuraminate

N−Succinyl−L−citrulline

Spermidine

Spermine

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8
1.0

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
PC1

PC
2

Amino acids
Central carbon metabolism
Fatty acids
GSH homeostasis
Indole and tryptophan metabolism
Nucleotides
Other

D

130

Chapter 3

Figure 4. 
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3

Figure 4. Exo-metabolomics of erythroblast batch cultures. (A-D) Erythroblasts from three 
independent donors were expanded from PBMCs for 11 days, subsequently inoculated in fresh 
proliferation medium at a low (0.7×106 cells/mL) or high (2.0×106 cells/mL) cell concentration, 
and cultured without medium refreshment for 36 h. Supernatant samples taken at 0, 12, 24, 
and 36 h were analyzed by untargeted UHPLC-MS metabolomics. (A) After removal of non-
informative metabolites, and normalization (glog transformation + mean centering) of the peak 
area, principal component analysis (PCA) was performed. (B) Biplot with the loadings of all 
metabolites for the first two principal components (PC1, PC2). Only metabolites with loadings 
> 0.1 are labelled. (C) Heat map of metabolite peak areas for the high cell density cultures.  
(D) Metabolites were k-means clustered, resulting in five groups of metabolites displaying 
similar trends over the timeseries (cluster 1, n=3 metabolites; cluster 2, n=9; cluster 3, n=38; 
cluster 4. n=8; cluster 5, n=20). (E) Validation of the amino acid consumption levels observed in 
the untargeted metabolomics analysis was performed via quantitative determination of amino 
acid concentrations by GC-MS and IDMS. Erythroblast from two donors were cultured in fresh 
medium for 2 days. Amino acid concentrations were measured at the beginning (C0) and end of 
the culture (C ) (data available in Supplementary Table S2). Relative change in amino acid levels 
is calculated as                                     (>0 if produced, <0 if consumed), using the measured       
concentration from targeted metabolomics, or raw peak area for the untargeted data. For the 
latter, no data is available for glycine (it could not be measured with the used analytical platform). 
Data in panel E for is displayed as mean ± range of the measurements for targeted data (n = 2), 
and as mean ± standard deviation for untargeted data (n = 3).

Δ 0Τ = ( −

0 ) 0Τ

Most metabolites showed a monotonic decrease in extracellular concentration with 
culture time (cluster 4). Some metabolites displayed a transient accumulation (cluster 1)  
or transient depletion (cluster 2) phase. Multiple intermediates of the TCA cycle 
(e.g. 2-oxoglutarate, malate, and fumarate) accumulated in the medium (cluster 5). In 
contrast, nucleoside concentrations rapidly decreased (e.g, guanosine and adenosine; 
cluster 3). 

Amino acids also decreased rapidly in the supernatant (cluster 4), except for aspartate, 
glutamate, and alanine that accumulated during culture (cluster 5). Amino acids are 
major contributors to protein synthesis and consequently proliferation [46]. Only 
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Chapter 3

3.3.5. The intracellular erythroblast metabolome 

Samples for intracellular metabolite measurements were collected parallel to the 
medium samples. Similar to the exometabolome, the principal component analysis 
shows dependence with culture time, although with larger dispersion between biological 
replicates (Figure 5A-B). The composition of the metabolome of cells cultured at low 
concentration for 12 or 24 h overlapped with erythroblasts inoculated at high density 
for 12 h both in PC1 and PC2. Also the subsequent samples (36 h low density and 24 h 
high density) show similarities. Cells cultured for 36 h at high density are distant from 
other measurement timepoints.

Using k-means clustering (k=5), the main profiles were identified. Clusters 1 and 2 
represent metabolites that are rapidly depleted, including some amino acids (serine, 
arginine, lysine) and adenine/adenosine (Figure 5C-D). Cluster 3 represents metabolites 
that stay constant for 24 h but display accelerated decrease in intracellular levels at 36 h.  
These include glucose, ribose, glutamine and pyrimidines. Clusters 4 and 5 contain 
metabolites that initially increase in concentration, but are reduced again after 36 h in 
culture. These include mono- and diphosphate nucleosides and intermediates of the 
Krebs cycle.

The prominent depletion of amino acids both in medium and in cells suggests that 
this could be an inhibiting factor. Supplementation with amino acids, however, did 
not recover proliferation of erythroblasts in exhausted medium (Figure 3D). Thus, 
the depletion of amino acids likely contributes to the observed erythroblast growth 
limitations, but other factors play a role as well.

serine, a non-essential amino acid, displayed full depletion after 36 h of culture, both 
for low and high cell density cultures.

For amino acids, the relative changes determined by untargeted metabolomics were 
additionally confirmed by targeted measurements. Cells from two independent donors 
were seeded at 1×106 cells/mL, and cultured for 2 days (final cell concentration = 3×106 
cells/mL). Supernatant samples were analyzed with internal standards using GC-MS 
(Figure 4E; absolute concentrations available in Supplementary Table S2). Glutamine, 
the most abundant amino acids in fresh medium, was rapidly consumed (overall cell-
specific consumption rate of 283-314 nmol/million cells/day; Supplementary Table S3), 
reaching a consumption level of 67% at the end of culture. 
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Figure 5. 
(See caption on next page)
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Figure 5. Statistical analysis of intracellular metabolomics in erythroblast proliferation 
cultures. Erythroblasts from three independent donors were expanded from PBMCs for 11 
days, subsequently inoculated in fresh proliferation medium at a low (0.7×106 cells/mL) or high 
(2.0×106 cells/mL) cell concentration, and cultured without medium refreshment for 36 h. In 
parallel to the supernatant samples used for Figure 4, cell pellets were taken at 0, 12, 24, and 36 h.  
Intracellular metabolites were extracted using methanol and acetonitrile. Principal component 
analysis was performed using the normalized peak area data (A, score plot; B, loadings biplot). 
(C) Metabolites were clustered in 5 groups using k-means clustering performed over the high 
cell density culture peak area data (cluster 1, n=5 metabolites; cluster 2, n=29; cluster 3, n=40; 
cluster 4, n=23; cluster 5, n=26). (D) Metabolite peak area trends for each cluster.

3.3.6. Redundancy of nucleosides and deoxynucleosides in 
           culture medium
To better understand the implications of metabolites that increase or decrease 
over time, pathway-based analysis was applied, i.e. analyzing metabolites not as 
individual features but as members of specific metabolite groups and pathways 
[47–49]. Particularly, metabolite set quantitative enrichment analysis (MSQEA) was 
performed on the extracellular metabolome data of high cell density cultures, which 
revealed an enrichment of purine metabolism in all timepoints relative to the start 
of the culture (Supplementary Figure S7). Purine metabolism comprises de novo 
biosynthesis from ribose 5-phosphate via phosphoribosyl pyrophosphate, purine 
salvage, and purine degradation [50,51]. In cultured erythroblasts, a net depletion of 
adenosine and guanosine was observed both intra- and extracellularly (Figure 6A). 
This was accompanied by a transient accumulation of most intermediates of the purine 
degradation pathway. 

Hypoxanthine can be recycled to IMP or be further metabolized into xanthine and urate 
by the enzymatic action of xanthine oxidase, with hydrogen peroxide or superoxide ions 
as byproducts [52]. Although human cells lack the urate oxidase enzyme, accumulation 
of allantoate was observed extracellularly in the first 12 h of culture, while displaying 
a peak of intracellular levels after 24 h followed by a decrease in the following 12 h. 
The oxidation of urate into allantotate produces again 2 hydrogen peroxide molecules.

When nucleosides/deoxynucleosides were not added to the medium, hypoxanthine did 
not increase, as expected (Figure 6B). Allantoate, however, still increased to 70% of 
the levels observed in presence of additional nucleosides. This implies that allantoate 
is a metabolic byproduct of proliferating erythroblasts, possibly due to a high RNA 
turnover. The intracellular levels of ATP, ADP and AMP appeared independent of the 
addition of nucleosides. 

To evaluate the long-term effect of the removal of nucleosides from the medium on cell 
growth, erythroblasts were cultured in medium with or without added nucleosides/
deoxynucleosides, with daily addition of fresh medium. Better growth is observed 
under medium without exogenous nucleosides in the first 5 days of culture (Figure 6C).
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Chapter 3

Figure 6. Cultured erythroblasts show high activity of the purine degradation 
pathway. (A) Extracellular (green) and intracellular (red) levels of purine degradation pathway 
intermediates for erythroblast (day 11) cultured at a starting cell concentration of 2.0×106 cells/mL 
for 36 h in fresh proliferation medium. Although human cells do not have the enzymes required 
for the conversion of urate into allantoin and allantoate (dotted arrows), non-enzymatic processes 
can lead to those conversions. Some metabolites were only detected intra- or extracellularly. (B) 
To evaluate the effect of eliminating nucleosides (n) and deoxynucleosides (dn) from the medium 
formulation on the metabolism of cultured erythroblasts metabolism, cells were cultured for 24h 
in medium with (+n/dn) and without (-n/dn) (deoxy-)nucleosides. Extracellular and intracellular 
levels of purine degradation pathway intermediates are displayed. (C) Medium without (deoxy-)
nucleosides was further tested on long-term erythroblast cultures. Medium was refreshed daily, 
reseeding cells at 1×106 cells/mL. All data are displayed as mean ± SD (error bars; n = 3 donors, 
except for 0 h extracellular data of panel B, for which only 1 sample was measured). One-tailed 
paired Student's t-test was used for the comparisons of panel C (                                 ,
                                 ; ns for non-significant, * for p < 0.05, ** for p < 0.01).

0 :
− n ,

dn =
+ n ,

dn

1 :
− n ,

dn > + n ,
dn

3.3.7. Indications for oxidative stress conditions in erythroblast 	
           cultures           
The accumulation of allantoate suggests a high activity of the ROS-producing purine 
degradation pathway. A state of oxidative stress in the cells may also be caused by the 
culture at atmospheric oxygen levels (hyperoxic, compared to in vivo conditions), or due 
to the high metabolic activity required to support rapid erythroblast proliferation. Thus, 
the activity of antioxidant pathways is likely an important parameter in erythroblast 
cultures. Specifically, control of oxidative stress by ascorbic acid and glutathione is 
crucial in erythropoiesis [53]. The intracellular measurements show depletion of the 
glutathione pool. Glutathione disulfide (GSSG) and ascorbate steadily decreased during 
36 h. The reduced counterparts, GSH and dehydroascorbate increased at 12 h but then 
rapidly decreased well below starting levels (Figure 7A). Such decrease of the expected 
conserved moiety of the glutathione pool suggests an insufficient glutathione synthesis 
flux. Glutathione or γ-l-glutamyl-l-cysteinyl glycine is synthesized from the γ-glutamyl 
cycle by γ-glutamyl-cysteine ligase and glutathione synthetase from glycine, glutamate 
and cysteine. While glutamate was accumulating extracellularly over the whole 
experiment, the other precursor glycine and the intermediate γ-glutamyl-cysteine first 
increased till 24 h, followed by a decline well below starting levels. (Figure 7B). 

The rate-limiting step of glutathione synthesis is catalyzed by γ-glutamyl-cysteine 
ligase, with cysteine often being the limiting substrate [54,55]. Cysteine is supplemented 
to media, but can also be synthesized from methionine via transsulfuration pathway. 
All measured metabolites from both the transsulfuration pathway and the methionine 
cycle displayed a continuous decrease of concentration during 36 h. Furthermore, 
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byproducts of the methionine salvage pathway accumulated. Particularly, degradation 
products of the intermediate 5-methylthioadenosine (MTA), the polyamines spermine 
and spermidine, accumulated extracellularly (Figure 7C). 

With these results, we hypothesize that exhaustion of erythroblast culture medium 
impacts the control of oxidative stress levels intracellularly through a decrease in 
glutathione pools and glutathione synthesis capacity.

Figure 7. 
(Continues in next page)
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Figure 7. Depletion of glutathione and glutathione synthesis intermediates during 
erythroblast expansion cultures. Extracellular (green) and intracellular (red) levels of the 
glutathione-ascorbate cycle (A), γ-glutamyl cycle (B), and methionine cycle + salvage pathway (C)  
for erythroblast (day 11) cultured at a starting cell concentration of 2.0×106 cells/mL for 36 h in 
fresh proliferation medium. Some metabolites were only detected intra- or extracellularly. All 
data are displayed as mean ± SD (error bars; n = 3 donors). Abbreviations: A.A., amino acid; SAH, 
S-adenosyl homocysteine; SAM, S-adenosyl methionine; dcSAM: decarboxylated S-adenosyl 
methionine; MTA: 5’-methylthioadenosine; MTR: 5’-methylthioribose.

3.4. Discussion

Economically feasible production of cRBCs for transfusion purposes requires efficient 
erythroblast expansion and differentiation, significant media cost reduction, and large-
scale bioreactor cultivation [14]. Cell density limitations in erythroblast expansion 
represent a clear challenge for the scale up of cRBC production. At a maximum 
erythroblast cell density of 2×106 cells/mL, the production of a single transfusion unit 
(2×1012 cells) would require a 1000 L culture. The current study shows that exhaustion 
of low molecular weight medium components (<3 kDa) rather than the accumulation 
of toxic components limits cell density during the expansion phase of erythroblast 
cultures. Untargeted metabolism gives a lead to metabolic processes that are affected 
by medium exhaustion.  

3.4.1. Metabolite depletion or accumulation of toxic byproduct?

Supplementation of depleted supernatants with fresh medium suggested that lack 
of nutrients rather than accumulation of toxic byproducts (metabolites or cytokines) 
likely caused the observed growth inhibition of erythroblast cultures. Nevertheless, 
supplementation with components from the medium did not lead to a significant recovery 
in growth. Bayley et al. observed similar results for cultures of umbilical cord-derived 
erythroid cultures supplemented with extra glucose, amino acids, and vitamins [12].  
It is possible that the observed erythroblast growth limitations are caused by the 
combined effect of multiple simultaneous nutrient limitations, as observed in other 
bioprocesses [56]. 

Thus, feeding strategies must be designed to replenish depleted nutrients, and to remove 
or reduce the production of toxic metabolites that can become growth inhibiting at 
higher cell densities. We showed that continuous perfusion with fresh medium allows 
to overcome the observed cell density limitations in erythroblast cultures, albeit leading 
to large fresh medium requirements. Of note, we observed lower cell concentrations 
in the perfusion run compared to the predictions of the kinetic model. This may be 
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explained by the culture conditions used by Glen et al. (i.e. lack of glucocorticoids), 
which allow for fast cell divisions typical of terminal differentiation, while our 
experimental model maintains cells in a transient renewal phase.

Determination of an optimal perfusion profile for erythroblast cultures can be done 
experimentally, but our results show that this can be achieved faster using in silico 
methods with growth models fitted to experimental data. This will be sensitive to the 
hypothesized inhibition production mechanism. Although similar results were obtained 
using the kinetic model proposed by Glen et al. and the simplified model proposed in 
this study, significantly more medium is required for a situation in which there is no 
inhibition decay. Although it is difficult to assert whether this mechanism takes place 
without knowing which is the set of metabolites that is being depleted during culture, 
the kinetic model without inhibition decay appears to fit better the limitations in cell 
productivity observed in batch cultures (Figure 1E; Supplementary Figure S4).

3.4.2. Metabolic requirements of proliferating erythroblasts
Erythroblast proliferation cultures require massive expansion levels to produce the 
number of RBCs of a single transfusion unit, and consequently, high uptake rates of 
amino acids to support the protein synthesis for new biomass production. The amino 
acid concentrations in Cellquin medium are ~2-fold higher than what is required to 
produce the 3.5-4.0 million erythroblasts that can be generated per mL of the current 
medium. The metabolomics results confirm a generalized decrease of the amino acid 
pool in the medium during erythroblast growth, with glutamine having the largest 
cells-specific consumption rate. Glutamine, often the most abundant amino acid in cell 
culture medium, is quickly consumed and used for synthesis of TCA cycle intermediates, 
nucleotides, and non-essential amino acids [57,58]. Glutamine availability has also been 
shown to be critical for the commitment of hematopoietic stem cells to the erythroid 
lineage, being mainly used as direct precursor for nucleotide synthesis [59]. 

Serine is the only amino acid that was fully depleted, similarly to what was previously 
observed in cultures of an immortalized erythroblast cell line [60]. This could be 
explained by the high heme synthesis activity in erythroblasts, which is required for 
hemoglobin (Hb) production: serine can be converted to glycine (Gly), a direct substrate 
for heme synthesis, by the activity of serine hydroxymethyltransferase (E.C. 2.1.2.1). A 
total of 8 Gly molecules are required for a single heme unit, or 1.2 pg Gly per single fully 
hemoglobinized RBC containing ~300 million Hb molecules. Interestingly, we observed 
that only 25% of the medium glycine was depleted after 2 days in cultures seeded at 
2×106 cells/mL. The maintenance of glycine levels, and the common interconversion of 
glycin and serine, may imply that the low serine levels are not limiting. Low levels may 
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also indicate rapid turnover rather than low availability. 

Alanine and glutamate were the only amino acids that displayed extracellular 
accumulation during erythroblast proliferation. Alanine can be produced as alternative 
to lactate from pyruvate (Pyr) via transamination, and its accumulation can inhibit 
the activity of pyruvate kinase, restricting the glycolytic flux towards the TCA cycle 
[61]. It has been hypothesized that alanine production via the activity of alanine 
aminotransferase (ALT; Pyr + Glu → Ala + αKG, with αKG = α-ketoglutarate 
or 2-oxoglutarate) coupled with the regeneration of glutamate via glutamate 
dehydrogenase (GDH; αKG + NH₄⁺ → Glu) may be a way to capture excess ammonia 
produced during culture [62,63]. 

Conversion of glutamine to the TCA cycle intermediate 2-oxoglutarate via glutamate 
is the main source of ammonia production [21]. We have recently reported production 
rates of ammonia of 0.1 pmol/cell/day in erythroblast bioreactor and dish cultures, 
corresponding to ~30% of the total glutamine uptake rates reported here [26]. Although 
ammonia levels were <0.6 mM, below typical growth-inhibiting concentrations for 
other cells lines, higher concentrations are expected in cultures at higher cell densities. 
To minimize wasteful utilization of glutamine and glucose in erythroblast cultures, 
improved feeding strategies in which glucose and glutamine concentrations are 
maintained at low levels could be used [64]. 

We suggest optimization of the medium to be done by balancing amino acid 
concentrations according to the uptake rates reported in this work. Following this, an 
optimal perfusion rate that is sufficient to supply enough amino acids for erythroblast 
growth could be implemented in the process. This perfusion profile should also 
ensure the removal toxic metabolites, while avoiding the excessive accumulation of 
metabolites that can be precursors to those metabolic byproducts (e.g. glucose and 
amino acids). This could allow for the reduction of the total medium requirements and 
the overall costs of the process.

3.4.3. Towards integration of -omics data for the optimization    	
           of erythroid cultures
Metabolite set enrichment analysis (MSEA) and pathway enrichment analysis (PEA) 
incorporate biological-relevant information (set of metabolites involved in the same 
pathway) missing in purely statistical methods such as PCA or clustering analysis. 
Following this approach, we could identify a high activity of the purine degradation 
pathway, causing transient accumulation of hypoxanthine and allantoate. The 
accumulation of allantoate was observed even when nucleosides are not supplemented 



144

Chapter 3

in the medium, implying that allantoate is naturally produced in proliferating 
erythroblasts, possibly due to a high flux of the purine salvage pathway in cells that 
extensively change their transcriptome.

Imbalances in oxidative stress control were also observed. Interestingly, although 
levels of ascorbate, a potent antioxidant present in culture media, show a large 
decrease simultaneous with an increase of its oxidized form (dehydroascorbate) in 
high cell density erythroblast cultures, intracellular levels of both metabolites were 
more stable (Figure 8). The observed larger dispersion between samples in the PCA 
for intracellular data (Figure 5A) compared to extracellular data also suggests that 
intracellular metabolite levels show less time-dependency compared to concentrations 
in the supernatant, indicating homeostasis in intracellular metabolism. 

It is important to note that MSEA and PEA are strongly influenced by the selection 
of the pathway and metabolite set databases, as those libraries show differences in 
coverage of reactions in the human metabolic network. However, the choice of 
analytical platform foremost defines the pool of identifiable metabolites and the areas 
of the metabolome that are probed [49]. We used a rapid UHPLC-MS assay that covers 
the central carbon and nitrogen metabolism, bile acids and oxylipids, and that is robust 
to different biological matrices [36,65]. However, vitamins and heme metabolism 
intermediates, which are especially relevant in erythropoiesis, are generally poorly 
covered areas in metabolomic analysis [66]. To fill these gaps in our metabolomic 
data, assays targeting these pathways could be performed and combined with the 
metabolomic dataset reported here.

We hope this erythroblast metabolomics dataset can be used for a more rational 
development of erythroblast culture medium and culture feeding profiles that considers 
the dynamic metabolic requirements of cultured erythroblasts. Currently we are 
extending the approach showed in this study to the analysis of erythroid differentiation, 
in which drastic morphological changes take place, including organelle clearance and 
changes in membrane structural organization.
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Figure 8. Increased oxidative levels in high cell density erythroblast cultures. Spent 
medium samples and cell pellets from erythroblasts cultured for 16 h at different starting cell 
concentrations (1-15×106 cells/mL) were analyzed by untargeted metabolomics. Extracellular 
(green) and intracellular (red) levels of ascorbate and dehydroascorbate are displayed. Data for 
other metabolites is available in Supplementary Figure S8. All data are displayed as mean ± SD 
(error bars; n = 3 donors).
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3.8. Supplementary materials

3.8.1. Supplementary methods
Kinetic models for erythroblast growth
The kinetic growth model proposed by Glen et al. [45] was considered for the numerical 
simulations of erythroblast cultures under different feeding regimes. Briefly, this model 
assumes that erythroblasts (cell concentration = ) can proliferate under exponential 
growth with a maximum growth rate max . Accumulation of an inhibitory factor 
(non-dimensionalized concentration = � ; arbitrary concentration units), which can 
be interpreted as either the accumulation of a toxic metabolite or the depletion of a 
growth-limiting metabolite, leads to a decrease in the growth rate. The dose-response 
curve for this inhibition is described by a sigmoidal function with two parameters: the 
inhibition threshold �  and the inhibitor sensitivity �  (Equation A1).

The inhibitor  is produced in a growth-dependent manner. An inhibition decay term 
(first order kinetics) is included, with an inhibitor decay rate . Equations A2 and A3 
describe the concentration of cells and inhibitory factor for a batch culture.

After fitting of this model to experimental data from erythroblast cultures under 
different treatments (batch growth; reset of cell concentration by removing all cells 
from a batch culture and inoculating the spent medium with fresh proliferating cells; 
medium dilution by harvesting cells and reinoculation in a defined ratio of spent and 
fresh medium), Glen et al. obtained the following best fit parameters: max

= 0 . 0541  
1/h, �

= 3 . 4  1/h, �
= 5 . 6  1/h, = 0 . 014  1/h.

A simplified kinetic model was developed for this study in which: (1) the inhibitory 
factor is produced in a growth-dependent manner, (2) the inhibitor affects growth 
following a Hill dose-response curve, and (3) no inhibition decay is considered. 
Equation A4 describes the effect of the inhibitor in cell growth. The parameters of 
this model are the maximum growth rate max , the half-saturation concentration 

, the Hill coefficient , and the yield of inhibitor on cells Τ . Equations A5 
and A6 describe the concentrations of cells and inhibitory factor in a batch culture.

Equation (A1)

Equation (A2)

Equation (A3)
�

= −

�
= −

�

=
max

∙ 1 + exp ( −

� ( �
−

� )
− 1

=
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In a similar manner as in Glen et al.’ approach, the concentration of the inhibitory 
factor can be non-dimensionalized using the half-saturation constant ( �

= Τ ), 
reducing the number of parameters of the model. A new parameter �

= Τ Τ  
can be defined, resulting in Equations A7 and A8 describing the growth inhibition 
dose-response curve and the inhibitor concentration over time in a batch process, 
respectively:

This model was fitted to the experimental dataset obtained by Glen et al. [45]. The 
fitting was performed minimizing the total sum of squared relative errors of cell 
concentrations for all treatments reported by Glen et al., weighted by the number 
of measurements of each treatment. A global optimization strategy was used as 
initial step (genetic algorithm), followed by local optimization using the Nelder-
Mead simplex algorithm (MATLAB ver. R2018b; Mathworks; USA). Fitted parameters 
were: max

= 0 . 04  1/h, �
= 0 . 32 × 10

− 6  mL/cell, = 9 . 5 . Note that the non-
dimensionalized inhibitor concentrations in both models are not equivalent, as the 
non-dimensionalization is performed using parameters from different dose-response 
inhibition models. Supplementary Figure S4 displays the predicted growth inhibition 
and volumetric productivity limits in batch erythroblast cultures for both models.

Equation (A4)

Equation (A5)

Equation (A7)

Equation (A8)

Equation (A6)

=

= Τ = Τ

�

=
�

=
max

∙ 1 −

1

1 + Τ

=
max

∙ 1 −

1

1 + 1 �Τ
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Numerical simulations of erythroblast bioreactor cultures
Bioreactor cultures under different feeding regimes were simulated solving 
numerically the differential equations describing the concentration of cells and (non-
dimensionalized) inhibitor factor. Equations A9 and A10 show the generic mass balance 
for cells and inhibitory factor that were used for all feeding regimes. Equation A11 
describes the change in liquid volume in the reactor,

where in  and out  are the volumetric inflow and outflow rates, and  is the working 
volume of the bioreactor at any specific timepoint. Cell growth rate is calculated at 
each timepoint using Equation A4 or A7, depending on the growth inhibition model 
being evaluated.  The value of �  is equal to 1 for Glen et al. model.

The inflow and outflow terms are defined depending on the feeding regime. For batch 
mode, in =

out
= 0 , resulting in = 0 , and Equations A5 and A8. For both fed 

batch regimes (FBconst and FBexp ), out
= 0 , and the feeding rate was normalized by 

the initial working volume of the reactor = in 0Τ , resulting in Equations A12, 
A13 and A14. For FBconst , the value of D is constant, while for FBexp it is described by 

= 0 exp ( ∙ ) .

Equation (A9)

Equation (A12)

Equation (A13)

Equation (A14)

Equation (A10)

Equation (A11)

= 0

=

1
−

out
,
out + −

�

=

1
−

out
,
out

�
+

�
−

�

= in
−

out

=

1
−

�

=

1
�

−

�



155

Metabolic profiling of cultured erythroblast for the production of transfusion-ready cultured red blood cells

3

For both perfusion regimes (Pconst and PCSPR ), it is assumed that the working volume in the 
reactor is constant ( out

= in ), that no cells are lost in the permeate (
,
out

= 0 ), and 
that the reactor is well-mixed for the inhibitory factor (

,
out

�
=

� ). The perfusion rate 
is expressed normalized by the working volume of the reactor =

out Τ , resulting 
in Equations (A15), (A16) and (A17). For Pconst , the value of P is constant, while for PCSPR 
it is a function of the cell-specific perfusion rate CSPR and the cell concentration in the 
reactor ( = ∙ ).

To be able to compare different feeding regimes, the feeding parameters of each feeding 
regime were optimized under the same constraints: production of 30×109 cells in 4 
days in a 1 L bioreactor inoculated at a starting cell concentration of 1×106 cells/mL in 
fresh medium free of the inhibitory factor. The objective function of the minimization 
problem was the total volume of medium required during the process.

Equation (A15)

Equation (A16)

Equation (A17)

�

=

1
−

�
+

�
−

�

= 0

3.9. Supplementary figures

Supplementary Figure S1. Growth in erythroblast cultures without medium 
refreshment.  PBMC-derived day 10 erythroblasts from two independent donors (donor 1: 
dashed line; donor 2: solid lined) were inoculated in fresh proliferation medium at different 
starting cell densities (0.3, 0.7, 1 and 2×106 cells/mL; indicated by colors). Cell concentration 
(A) and cell number fold change relative to the start of the culture (B) are displayed.
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Supplementary Figure S2.
(See caption on next page)
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Erythroblasts were cultured for 5 days in a 0.5 L stirred tank bioreactor (working volume = 
250 mL), using an Applikon BioSep for cell retention. The permeate flow rate was increased 
sequentially according to the daily measurements of cell concentration, targeting an average 
daily cell-specific perfusion rate (CSPR) of 500 pL/cell/day.

Supplementary Figure S2. Evaluation of feeding strategies in erythroblast bioreactor 
cultures with alternative growth inhibition model. Bioreactor cultures with different 
feeding strategies (batch, fed batch with constant feed rate FBconst , fed batch with exponentially 
increasing feed FBexp , perfusion at a constant rate PERFconst , perfusion at a constant cell-specific 
perfusion rate PERFCSPR ) were simulated, using the kinetic growth model for erythroblast 
proliferation proposed by Glen et al. Similar to the model used for Figure 2, this model includes 
the production of a putative inhibitor in a growth-dependent manner. However, the dose-
response curve to this inhibitor is described using a sigmoidal equation. Furthermore, inhibition 
decay is also considered (first order kinetics). Except for batch mode, the feeding parameters 
of each feeding regime were optimized to achieve a production of 30×109 cells in 4 days in 
a 1 L bioreactor inoculated at a starting cell concentration of 1×106 cells/mL, minimizing the 
medium volume requirement. Cell concentration (A), total produced cells (B), concentration of 
the putative inhibitor (arbitrary units; C), magnitude of the growth inhibition calculated as the 
ratio of the instantaneous growth rate  and the maximum growth rate max  (D), total volume 
of medium consumed (E), and reactor working volume (F) are displayed for all evaluated feeding 
regimes. Equations used for the growth model and for the bioreactor simulations are available 
in Supplementary Methods. Optimized parameters for each feeding regime are included in 
Supplementary Table S1.
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Supplementary Figure S4. Predicted growth inhibition and volumetric productivity 
limits in batch erythroblast cultures. Simulations of batch erythroblast cultures (no medium 
refreshment) for different initial cell densities. Two different growth inhibition models were used 
for the predictions: the growth inhibition model proposed by Glen et al. including inhibition 
decay (panels B and D), and a simplified model without inhibition decay (This study; panels 
A and C) fitted to the same dataset. Cell concentration and total produced cells (C-C0 ) are 
displayed. Equations used for the growth model and for the bioreactor simulations are available 
in Supplementary Methods.
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3

Supplementary Figure S7. Metabolite set quantitative enrichment analysis (MSQEA) of 
extracellular metabolome data of proliferating erythroblast cultures. After mapping the 
identified metabolites to the Human Metabolome Database (HMDB), metabolite-set quantitative 
enrichment analysis (MSQEA) was performed. Supernatant untargeted metabolomics data for 
cultures started at a high cell concentration (2.0×106 cells/mL) was used for this analysis. Results 
for the pairwise comparisons of 12 h (A), 24 h (B), and 36 h (C) relative to the start of the 
culture (0 h) are displayed. MSQEA was performed using the Small Molecule Pathway Database 
(SMPDB) available in MetaboAnalystR v3. For each metabolite set or pathway, the enrichment 
level and p-value are displayed (x-axis and size of the circle, respectively). Only the top 25 most 
enriched metabolite sets are displayed.
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Supplementary Figure S8. 
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3

Supplementary Figure S8. Untargeted metabolomics analysis of erythroblast cultures 
at varying cell concentrations. Spent medium samples and cell pellets from erythroblasts 
cultured for 16 h at different starting cell concentrations (1-15×106 cells/mL) were analyzed by 
untargeted metabolomics. Heatmaps (including k-clusters) for extracellular (A) and intracellular 
(B) measurements are included (n = 3 donors).
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Chapter 3 - Supplementary materials

Supplementary Table S1. Optimized operating parameters for evaluated feeding 
profiles. Parameters for fed-batch and perfusion feeding strategies were optimized to achieve a 
production of 30×109 cells in 4 days in a 1 L bioreactor inoculated at a starting cell concentration 
of 1×106 cells/mL, minimizing total medium consumption. Optimized parameters were as follow: 
feeding rate normalized by initial culture volume ( 0Τ = ; 1/h) for the fed batch culture using 
constant feed rate FBconst ; initial feeding rate normalized by initial culture volume ( 0 0Τ = 0 ;  
1/h) and exponential increase rate of the feeding rate ( ; 1/h) for the fed batch culture with 
exponentially increasing feed FBexp ; perfusion rate normalized by culture volume ( 0Τ = ; 1/h) 
for the perfusion culture at a constant perfusion rate PERFconst ; cell-specific perfusion rate (CSPR; 
pL/cell/day) for the perfusion at a constant CSPR PERFCSPR . Two different growth inhibition 
models were used for the bioreactor simulations: the growth inhibition model proposed by 
Glen et al. including inhibition decay, and a simplified model without inhibition decay (This 
study) fitted to the same dataset. Equations used for the growth model and for the bioreactor 
simulations are available in Supplementary Methods.

3.10. Supplementary tables

Feeding 
strategy

Optimized feeding 
parameters This study Glen et al. 

(2018)

FBconst 𝐷𝐷 (1/h) 0.086 0.075

FBexp
𝐷𝐷0 (1/h)
𝜃𝜃 (1/h)

0.49
-0.064

1.89
-0.30

PERFconst 𝑃𝑃 (1/h) 0.19 0.11

PERFCSPR 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (pL/cell/day) 297 187

Supplementary Table S1. Optimized operating parameters for evaluated feeding profiles.

Supplementary Table S2

Supplementary Table S2. Quantification of amino acid concentrations in erythroblast proliferation cultures. N.a. = data not 
available (arginine could not be measured with the used method)

Concentration (µmol/L)

Condition Day Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

No cells 0 296 n.a. 265 240 144 2454 547 436 264 797 764 890 181 395 339 366 841 91 467 825

No cells 2 303 n.a. 238 235 202 2129 563 397 280 835 784 909 186 412 362 395 930 84 479 828

Donor 1 0 285 n.a. 239 235 137 2346 503 406 233 785 739 868 175 390 339 349 771 85 444 779

Donor 1 2 520 n.a. 192 244 135 796 721 328 155 530 420 643 130 310 328 10 728 56 397 523

Donor 2 0 303 n.a. 224 231 224 2410 529 417 247 806 770 910 175 399 352 364 806 91 452 812

Donor 2 2 432 n.a. 172 254 111 752 679 292 145 547 429 646 129 306 316 17 718 61 392 529

Supplementary Table S3 
Supplementary Table S3. Cell-specific consumption and production rates of amino acids in erythroblast proliferation 
cultures. Negative values = consumed. Positive values = produced. N.a. = data not available (arginine could not be measured with 
the used method)

qi (nmol/million cells/day)

Donor Ala Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val

1 43.0 n.a. -8.5 1.6 -0.4 -283 39.9 -14.2 -14.2 -46.6 -58.3 -41.2 -8.3 -14.7 -2.0 -61.8 -7.8 -5.4 -8.7 -46.8

2 24.4 n.a. -10.0 4.2 -21.3 -314 28.4 -23.8 -19.4 -49.2 -64.7 -50.0 -8.7 -17.6 -6.8 -65.9 -16.8 -5.7 -11.4 -53.6

Average 33.7 n.a. -9.2 2.9 -10.9 -299 34.1 -19.0 -16.8 -47.9 -61.5 -45.6 -8.5 -16.1 -4.4 -63.8 -12.3 -5.5 -10.1 -50.2
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Chapter 4



Iron, supplemented as iron-loaded transferrin (holotransferrin), is an essential nutrient 
in mammalian cell cultures, particularly for erythroid cultures. The high cost of human 
transferrin represents a challenge for large scale production of cultured red blood cells 
(cRBCs) and for cell therapies in general. We evaluated the use of deferiprone, a cell 
membrane-permeable drug for iron chelation therapy, as an iron carrier for erythroid 
cultures. Iron-loaded deferiprone (Def3∙Fe3+, at 52 µmol/L) could eliminate the need 
for holotransferrin supplementation during in vitro expansion and differentiation of 
erythroblast cultures to produce large numbers of enucleated cRBCs. Only the first stage, 
when hematopoietic stem cells committed to erythroblasts, required holotransferrin 
supplementation. RBCs cultured in presence of Def3∙Fe3+ or holotransferrin (1000 µg/mL)  
were similar with respect to differentiation kinetics, expression of cell-surface markers 
CD235a and CD49d, hemoglobin content, and oxygen association/dissociation. 
Replacement of holotransferrin supplementation by Def3∙Fe3+ was also successful in 
cultures of myeloid cell lines (MOLM13, NB4, EOL1, K562, HL60, ML2). Thus, iron-
loaded deferiprone can partially replace holotransferrin as a supplement in chemically 
defined cell culture medium. This holds promise for a significant decrease in medium 
cost and improved economic perspectives of the large scale production of red blood 
cells for transfusion purposes.
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Iron is an essential nutrient for all eukaryotic microorganisms. Erythroid precursors, 
however, have exceptionally high iron requirements to facilitate hemoglobin synthesis 
during the generation of red blood cells (RBCs). A single RBC contains approximately 
300 million molecules of hemoglobin (≈30 pg), associated with 1.2×109 Fe3+ ions [1]. In 
healthy humans, 65-75% of all body iron is present as hemoglobin in RBCs [2]. Free 
ferrous iron Fe2+ can lead to the production of toxic radicals via the Fenton reaction [3]. 
Therefore, plasma iron is transported bound to e.g. transferrin (Tf). Human transferrin is 
a single chain glycoprotein with a molecular weight of ~80 kDa. It has two distinct iron-
binding lobes (N- and C-lobe). The binding of Fe3+ to Tf is sequential, resulting in four 
possible Tf species: iron-free Tf (aTf: apotransferrin), diferric Tf (hTf: holotransferrin), 
and two monoferric Tf forms depending on which lobe contains the Fe3+ ion (mTfN and 
mTfC for the species with the iron ion in the N- or C-lobe, respectively) [4].

High expression of the transferrin receptor 1 (TFR1; CD71) on erythroblasts facilitates 
their increased uptake of hTf for heme synthesis. Iron deficiency reduces the yield 
of burst-forming erythroid-units in early stages of ex vivo erythropoiesis [5], and 
of reticulocytes during terminal erythroid differentiation [6]. Assuming that hTf 
is the sole source of iron, ~80 pg of hTf need to be internalized for a single fully-
hemoglobinized RBC, corresponding to ~160 g hTf for a single transfusion unit of RBCs 
(2×1012 RBCs). Transferrin is endocytosed upon binding to TFR1. Fe3+ ions are released 
at the low endocytic pH, reduced to Fe2+ by STEAP3, transported to mitochondria by 
direct endosome-mitochondria association, and ultimately incorporated into heme [7]. 
Excess iron is bound to cytosolic ferritin [8]. Vesicles containing aTf still bound to 
TFR1 recycle to the cell surface where aTf is released. In the body, the released aTf can 
bind new Fe3+ ions via direct transfer from ceruloplasmin ferroxidase [9]. In addition 
to TFR1, erythroblasts also express TFR2 which associates with the erythropoietin 
receptor (EpoR) [10,11]. Transferrin-dependent internalization of TFR2 modulates the 
Epo response, particularly at suboptimal Epo levels [12,13].

The expression level of key regulatory proteins involved in iron uptake, storage and 
export is controlled by the RNA-binding proteins Iron regulatory protein-1 and -2 
(IRP1/2) [14]. IRP1 binding to Fe-S clusters changes its conformation, and inhibits 
binding to iron-responsive elements (IREs) in the untranslated regions of mRNAs. 
For iron uptake proteins such as TFR1 and DMT1, IRP1 binding to IREs in the 3’ 
UTR of respective mRNAs increases mRNA stability [15]. By contrast, IRP1 binding 
to the IREs in the 5’ UTR of mRNAs encoding proteins involved in iron storage and 
export (e.g. ferritin and ferroportin) decreases their translation [16,17]. Iron deficiency 
decreases heme levels, which activates Heme-regulated eIF2α kinase (HRI), resulting 

4.1. Introduction
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in phosphorylation of eIF2 and a global inhibition of protein translation [18–20]. At 
the level of erythropoiesis, lack of iron causes microcytic anemia in vivo [21], and 
decreases the proliferation and differentiation of erythroblast cultures ex vivo [6].

In serum-free cell culture systems, high levels of hTf (1000 µg/mL) are added during 
terminal differentiation [22,23]. Currently, most of the Tf used in cultures is purified 
from human plasma. However, there is a growing need to transition towards animal-
free media components to ensure safety of the final product. Production of recombinant 
Tf in Escherichia coli, insects, yeast, rice and BHK cells represents an alternative, but is 
still not cost-effective for the ex vivo production of RBCs [24].

Several small molecules have been reported to chelate and deliver iron into the 
cells. Iron-loaded PIH (pyridoxal isonicotinoyl hydrazone) restored proliferation and 
differentiation in several cell lines in absence of hTf by directly crossing the cellular 
membrane [25–27]. Supplementation of iron-loaded hinokitiol was also shown to 
restore proliferation and hemoglobinization in DMT1-deficient cells in transferrin-
free medium, although its effectiveness seems to depend on the presence of large iron 
gradients across the cellular membrane [28]. More recently, a low Tf culture medium 
for cRBC production has been reported, in which supplementation with Fe3+-EDTA 
supports reloading of Tf (aTf → hTf), which can then be re-utilized by the cells [29].

Chelators used to treat iron overload in vivo can have a high affinity for iron that is 
lower than transferrin, which allows them to scavenge all non-transferrin-bound iron 
(NTBI) to prevent oxidative damage [30,31]. Among them is deferiprone (1,2-dimethyl-
3-hydroxypyridin-4-one), a bidentate alpha-keto hydroxypyridine molecule that binds 
iron with a stoichiometry of 3:1 (Def3∙Fe3+) at physiological conditions [32]. Its ability 
to cross the cell membrane and mobilize intracellular iron is the principle of combined 
chelation therapy, in which deferiprone scavenges intracellular iron and transfers it to 
a second non-permeable chelator such as deferoxamine [33,34]. 

In this study, we evaluated the potential of iron-loaded deferiprone (Def3∙Fe3+) to 
replace the supplementation with high levels of hTf in cultures of erythroid precursors 
for the ex vivo production of RBCs. We demonstrated that Def3∙Fe3+ can recharge aTf 
to hTf. Medium supplementation with Def3∙Fe3+ alone was sufficient to sustain efficient 
ex vivo production of fully hemoglobinized RBCs with an oxygen binding capacity 
comparable to peripheral blood RBCs. Excess Def3∙Fe3+ showed no sign of toxicity in 
erythroblast proliferation and differentiation. Additionally, the use of Def3∙Fe3+ as the 
only iron source in serum-free medium was sufficient to sustain the proliferation of 
other transferrin-dependent mammalian cell lines.
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4.2. Methods

4.2.1. Cell culture
Donor-derived buffy coats are a Sanquin not-for-transfusion product from which 
human peripheral blood mononuclear cells (PBMCs) are purified by density 
centrifugation. Informed written consent was given by donors to give approval for 
the use of waste material for research purposes, and was checked by Sanquin’s NVT 
Committee (approval file number NVT0258; 2012) in accordance with the Declaration 
of Helsinki and the Sanquin Ethical Advisory Board. Erythroid cells were cultured from 
PBMCs in serum-free medium as previously described [22] with minor modifications to 
Cellquin medium, which lacked nucleosides, and contained a defined lipid mix (Sigma-
Aldrich; USA; 1:1000) replacing cholesterol, oleic acid, and L-α-phosphatidylcholine. 
Transferrin concentrations varied as indicated. hTf (Sanquin; Netherlands) or aTf 
(Sigma-Aldrich) were added as indicated. In the first phase, erythroblast cultures are 
established from PBMC in presence of erythropoietin (Epo, 2 U/mL; EPREX®, Janssen-
Cilag, Netherlands), hSCF (100 ng/mL, produced in HEK293T cells), dexamethasone 
(1 µmol/L; Sigma-Aldrich), and IL-3 (1 ng/mL first day only; Stemcell Technologies; 
Canada). From day 6, erythroblast cultures were expanded and the cell density was 
maintained between 0.7-2×106 cells/mL (CASY Model TCC; OLS OMNI Life Science; 
Germany). To induce differentiation, cells were washed and reseeded at 1-2×106 cells/
mL in presence of Epo (10 U/mL), 5% Omniplasma (Octapharma GmbH; Germany), 
and heparin (5 U/mL; LEO Pharma A/S; Denmark). During this differentiation phase 
the cells undergo 3-4 divisions before they mature to enucleated reticulocytes.  
AML-derived cell lines MOLM13 [35], NB4 [36], EOL1 [37], K562 [38], HL60 [39] and 
ML2 [40] were seeded at a concentration of 0.3×106 cells/mL in Cellquin, supplemented 
with hTf and Def3∙Fe3+ as indicated.

4.2.2. Iron chelators
Deferiprone (Def; Sigma-Aldrich), deferoxamine mesylate (DFOA; Sigma-Aldrich), 
deferasirox (DFO; Sigma-Aldrich) and hinokitiol (HINO; Sigma-Aldrich) were dissolved 
as indicated by the manufacturer and mixed at stoichiometric ratio with an iron(III) 
chloride solution (Sigma-Aldrich; 16 h, 20 °C), to obtain a concentration of 26 mmol/L 
chelated Fe3+ (Def3∙Fe3+, DFOA∙Fe3+, DFO2∙Fe3+, HINO3∙Fe3+), equivalent to the iron 
content of 1000 mg/mL hTf.

4.2.3. Flow cytometry 
Cells were stained in HEPES buffer + 0.5% BSA (25-30 min, 4 °C), measured using a 
BD FACSCanto™ II flow cytometer (BD Biosciences), gated against specific isotypes, 
and analyzed using FlowJo™ (version 10.3; USA). Antibodies or reagents used were: 
(i) CD235a-PE (1:2500 dilution; OriGene cat#DM066R), CD49d-BV421 (1:100 dilution; 
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BD-Biosciences cat#565277), DRAQ7 (live/dead stain; 1:200 dilution; ThermoFischer 
Scientific cat#D15106); (ii) CD235a-PE (1:2500 dilution; OriGene cat#DM066R), 
CD71-APC (1:200 dilution; Miltenyi cat#130-099-219); (iii) CD71-VioBlue (1:200 
dilution; Miltenyi cat#130-101-631); (iv) DRAQ5 (nuclear stain; 1:2500 dilution; abcam 
cat#ab108410); (v) PI (live/dead stain; 1:2000 dilution; Invitrogen cat#P3566).

4.2.4. Western blots
Iron saturation of transferrin was measured on 6% TBE-urea gels as previously 
described [41]. Gels were stained with InstantBlue Coomassie protein stain (abcam).

For the determination of the expression level of proteins involved in iron metabolism, 
whole cell lysates harvested during differentiation were prepared in RIPA buffer  
(10 min, 4 °C). For Epo induction experiments, erythroblasts cultured in expansion 
medium supplemented with 300 µg hTf or 52 µM Def3∙Fe3+ and Epo (2 U/mL) were 
washed twice in PBS and reseeded in expansion medium with hTf and Def3∙Fe3+ but 
without Epo. After 3 hours, cells were stimulated with Epo as indicated for 20 min at  
37 °C, washed in ice-cold PBS and harvested in RIPA buffer.

Protein concentration was determined by colorimetry (DC™ Protein Assay; Bio-Rad; 
USA). Lysates were diluted 1:4 with Laemmli sample buffer (Bio-Rad), incubated for 
95 °C (5 min), subjected to SDS-polyacrylamide gel electrophoresis (4–20% Criterion™ 
Tris-HCl Protein Gel, Bio-Rad), transferred to nitrocellulose membranes (iBlot2 system; 
ThermoFischer Scientific), and stained. Membranes were cut after protein transfer to 
reduce the volume of antibodies needed for staining. Primary antibodies included 
actin (Sigma cat#A3853), transferrin receptor (Merck cat#SAB4200398), ferritin (abcam 
cat#ab75973), p-eIF2 (CellSignaling cat#3597L), total eIF2 (CellSignaling cat#9722S), 
p-STAT5 (Millipore; USA; cat#05-495), and total STAT5 (Santa Cruz; USA; cat#SC-835). 
Western blots were analyzed using GelAnalyzer 19.1. Original uncropped blot 
images are deposited in the publicly available data repository Zenodo under the link 
https://doi.org/10.5281/zenodo.6350135.

4.2.5. Hemoglobin quantification and oxygenation
Hemoglobin content was determined using o-phenylenediamine as described [42]. 
Intracellular hemoglobin concentration was calculated using the mean of technical 
triplicates, and the measured cell volume (CASY Model TCC). Oxygen association/
dissociation curves for RBCs were determined by continuous dual wavelength 
spectrophotometric measurement with a HEMOX Analyzer (TCS Scientific Corp.; 
USA), using RBCs that were washed and resuspended at 20×106 cells/mL in analysis 
buffer (PBS + 0.5% BSA + 0.005% Y-30 antifoam). P50 values were calculated as the 
oxygen partial pressure that leads to a 50% saturation of hemoglobin.
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4.2.6. Statistical analysis
Statistical analyses were performed using the two-tailed two sample Student’s t-test. 
For comparison of fold change (FC) data, log(FC) values were first calculated and then 
used for the statistical test. When indicated, p-values were corrected for multiple 
comparisons with the Holm-Bonferroni method. All data in figures is displayed as 
mean ± the standard deviation of the measurements. The number of replicates is n≥3 
for all experiments. Significance is expressed as: ns for not significant differences, * for 
p<0.05, ** for p<0.01, *** for p<0.001.

4.3. Results

4.3.1. Iron-loaded deferiprone supports erythroid differentiation 
	� at low holotransferrin concentrations

As reference for the different iron supplementation strategies, we first tested different 
holotransferrin concentrations during erythroblast differentiation, the culture 
stage in which cells have the highest iron requirements. Twelve days post-seeding 
PBMCs in expansion medium, erythroblasts were cultured in differentiation medium 
supplemented with decreasing concentrations of hTf (1000, 200, 100, 50 and 0 µg/mL; 
equivalent to 26, 5.2, 1.3 and 0 µmol/L of chelated Fe3+ respectively). At 1000 µg/mL hTf, 
erythroblasts proliferated for 3-4 days followed by cell growth arrest at the final stage 
of differentiation [22]. A gradual decrease of hTf concentrations resulted in a gradual 
decrease in cell yields, in accordance with previously described data (Figure 1A) [6]. 
Erythroblast differentiation is accompanied by a progressive loss of cell volume to reach 
the cell size of erythrocytes. Suboptimal hTf concentrations led to a faster decrease in 
cell size during the first 4 days compared with 1000 µg/mL hTf, and a consistently 
lower cell volume that was still present after 8 days of culture (Supplementary Figure 
S1A). This seems to be in accordance with microcytic anemia associated with iron 
deficiency. However, cultured reticulocytes are generally larger compared to primary 
erythrocytes, and also reticulocytes cultured at low iron concentrations remain larger 
compared to primary erythrocytes. Thus, it is not clear how low or high concentrations 
of iron result in aberrantly sized cultured reticulocytes. Hemoglobin (Hb) levels per 
cell were low at the start of differentiation, and rapidly increased dependent on the hTf 
concentration (Supplementary Figure S1B).

hTf is internalized upon binding to TFR1. After releasing Fe3+, iron-depleted transferrin 
(apotransferrin; aTf) is recycled back to the cell membrane together with the TFR1. We 
tested whether supplementation of culture medium with an iron-loaded chelator can 
sustain differentiation of erythroblasts at low hTf concentrations. Four chelators loaded 
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with iron (52 µmol/L chelated Fe3+) were added to medium with a growth-limiting hTf 
concentration (100 µg/mL). Supplementation with iron-loaded deferiprone (Def3∙Fe3+) 
or deferoxamine (DFOA∙Fe3+) enabled proliferation similar to 1000 µg/mL of hTf.  To a 
lesser extent also deferasirox (DFO2∙Fe3+) and hinokitiol (HINO3∙Fe3+) rescued growth 
recovery (Figure 1B).

To test the ability of these chelators to reload aTf, 1000 µg/mL aTf was incubated 
with 52 µmol/L of chelated iron at 37 °C overnight and subjected to urea-PAGE gel 
electrophoresis. The mobility of aTf is lower compared to hTf, while the monoferric 
transferrin forms (mTfC, mTfN) have an intermediate migration speed. Deferasirox and 
hinokitiol showed a low Tf saturation level, while both deferiprone and deferoxamine 
could reload most aTf (Figure 1C). Soluble iron, added as FeCl3, was also able to 
reload the majority of aTf, with minor amounts of both mTf forms present. Although 
deferiprone resulted in more mTf compared to deferoxamine, the former was favored 
for stability [43] and cost-effectiveness. 

Decreasing deferiprone concentrations reduced the final saturation level of Tf  
(Figure 1C). To further test the effect of iron-loaded deferiprone supplementation 
(Def3∙Fe3+) on iron-limited erythroid differentiation, erythroblasts were seeded 
in differentiation medium supplemented with 100 µg/mL hTf and Def3∙Fe3+ at 
concentrations between 3.2 and 52 µmol/L (equivalent to 125 and 2000 µg/mL hTf, 
respectively). Def3∙Fe3+ improved cell growth dependent on the Def3∙Fe3+ concentration 
(Figure 1D). 

In differentiation cultures, most of the hemoglobin is synthesized in the first 2-4 
days of culture, and hemoglobin content per cell is strongly dependent on the hTf 
concentration in the medium (Supplementary Figure S1B). At day 4, the hemoglobin 
content of cultured cells showed saturation kinetics (hyperbolic) as a function 
of the media iron content. Of note, cells cultured in absence of hTf had a 10-fold 
decrease in hemoglobin (Hb) mass per cell compared to the highest hTf dose tested  
(Figure 1E). This dose-response behavior was also observed when using 100 µg/mL hTf 
with increasing deferiprone concentrations, with a maximal response using >13 µmol/L 
Def3∙Fe3+. The same iron-dependent response was seen for hemoglobin accumulation 
(Hb intracellular concentration; Supplementary Figure S1C-D), with no difference 
observed between Def3∙Fe3+ concentrations >13 µmol/L and medium containing  
1000 µg/mL hTf.

The data suggests that Def3∙Fe3+ supplementation can reload apotransferrin generated 
during culture. To validate this assumption, we calculated the concentrations 
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of transferrin and deferiprone species assuming equilibria at culture conditions  
(pH = 7.4, 3.5 mmol/L HCO3

-; Supplementary Figure S2). For transferrin, the association 
equilibrium constants of 7.0×1022 L/mol and 3.6×1021 L/mol for the binding of the first 
and second Fe3+ ion were assumed, respectively [44]. For deferiprone, the global stability 
constants (log β) for the Def‧Fe3+, Def2‧Fe3+ and Def3∙Fe3+ complexes were assumed to 
be 15.01, 27.30 and 37.43, respectively [32]. It was assumed that iron association and 
dissociation kinetics with Tf and Def dominate iron concentration in the extracellular 
space, and that this is faster than the net utilization rate of iron in the intracellular space. 
As a model condition, a constant net average iron uptake rate (inflow + iron export 
from the cells) of 1.7×10-7 mol Fe3+/L‧h was assumed, corresponding to the production 
of 10×106 hemoglobinized cells per mL of culture (1 cell = 300×106 Hb molecules) in 
the first 4 days of culture, as observed in Supplementary Figure S1B. The calculated 
time profiles for the concentrations of the different transferrin and deferiprone species 
indicated that the addition of 26 or 52 μmol/L Def3‧Fe3+ to 100 mg/L hTf at the start of 
differentiation results in higher holotransferrin availability (percentage of total Tf) and 
lower apotransferrin levels, and thereby to a potentially better iron delivery compared 
to the addition of 1000 mg/L hTf alone (Supplementary Figure S2C). Although this 
simplified model does not consider direct transfer of Fe3+ from Def3‧Fe3+ to transferrin, 
the chemical equilibria simulations support the observation that Def3∙Fe3+ can reload 
iron-depleted transferrin, even by assuming the leaching of Fe3+ as the sole mechanism 
of iron transfer between the two chelators. 

Figure 1. Deferiprone supplementation restores efficient differentiation of erythroblasts 
in transferrin-limited medium. Erythroblasts were expanded from PBMCs for 10-12 days, 
and subsequently seeded in differentiation medium at a starting cell concentration of 1.5-2.0×106 
cells/mL. (A) Cells were seeded with decreasing holotransferrin concentrations (1000, 200, 
100, 50 and 0 µg/mL). Cell number was determined at indicated days. (B) Cell concentration at 
day 7 days of differentiation in medium with low hTf (100 µg/mL), with or without 52 µmol/L 
Fe3+ associated with one of four iron-loaded chelators (deferiprone=Def; deferoxamine=DFOA; 
deferasirox=DFO; hinokitiol=HINO). (C) 1000 µg/mL apotransferrin was incubated for 16 h with 
iron-loaded chelators (52 µmol/L of chelated Fe3+, unless indicated). All samples were incubated 
overnight in PBS at 37 °C (pH = 7.4). All samples were mixed 1:1 with Novex™ TBE-Urea gel 
sample buffer, loaded in a Novex™ 6% TBE-urea gel (3.0 µg of Tf per well; Invitrogen; Waltham, 
MA), and run for 2.25 h at 150 V. Gels were stained with Coomassie. Full uncropped gel image 
is displayed. Purified holo-transferrin (first lane) and apo-transferrin (second lane) function as 
size markers (D) Cell concentration after 6 days of differentiation in medium with hTf (values 
in µg/mL) and Def3∙Fe3+ (values in µmol/L) as indicated. (E) Hemoglobin content per cell after 4 
days of differentiation at increasing iron concentration in cells cultured using hTf as sole iron 
source (●), or Def3∙Fe3+ plus 100 µg/mL hTf (■). A hyperbolic dose-response curve is fitted on the 
data (Hb = Hbmax × [Fe3+] × (EC50 + [Fe3+])-1). All data is displayed as mean ± SD (error bars; n≥3). 
Significance is shown for the comparison with 1000 µg/mL hTf (unpaired two-tailed two-sample 
Student’s t-test).
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4.3.2. Iron-loaded deferiprone can replace holotransferrin 		
          supplementation in differentiation

Due to its lipophilic nature and small size, deferiprone is expected to be cell permeable 
and able to redistribute iron between cell types, independent of ferroportin and 
transferrin [45,46]. We tested whether the larger Def3∙Fe3+ complex can support erythroid 
differentiation in absence of transferrin supplementation (Tf concentration <0.2 µg/mL  
due to the 5% plasma used in differentiation medium [47]). Expanded erythroblast 
cultures (day 12) were reseeded at 1.5×106 cells/mL in differentiation medium with 
increasing concentrations of Def3∙Fe3+ as sole iron source. At day 6 of differentiation, 
3 times higher cell numbers were obtained using >13 µmol/L Def3∙Fe3+ compared with 
no hTf supplementation and no Def3∙Fe3+ cultures (Figure 2A). Similar dose-response 
curves were obtained for total hemoglobin per cell (Figure 2B). The addition of 
increasing hTf concentrations to optimal concentrations of Def3∙Fe3+ (52 µmol/L) did 
not further increase cell number or hemoglobin content (Figure 2B-C). Interestingly, 
the combination of high levels Def3∙Fe3+ together with a high concentration hTf did not 
lower cell numbers, suggesting that Def3∙Fe3+ is not toxic to erythroblasts.

Oxygen association and dissociation are crucial for RBC function. Reticulocytes 
obtained from differentiation cultures supplemented with 52 µmol/L Def3∙Fe3+ as had 
similar hemoglobin oxygen dissociation and association curves compared to peripheral 
blood RBCs and reticulocytes obtained in medium supplemented with hTf, with a 
slightly higher P50 (blood = 26.8 mmHg, hTf = 24.2 mmHg, deferiprone = 28.0 mmHg; 
calculated from oxygenation profile; Figure 2D).

Flow cytometry studies were performed to evaluate the effect of hTf and Def3∙Fe3+ on 
the erythroblast maturation level. During ex vivo differentiation cultures, erythroblast 
acquire CD235 (Glycophorin A), and eventually lose CD71 (TFR1) expression [22]. 
Expression of CD71 may not be a reliable differentiation marker when evaluating 
the effect of hTf and Def3∙Fe3+ supplementation, as it is upregulated at low iron  
availability [48]. At day 10 of differentiation, cells had a high expression of CD235 under 
all tested conditions (gating strategy in Supplementary Figure S3A). In contrast, CD71 
expression levels decreased with increasing iron availability, independent of whether 
iron is presented as hTf or Def3∙Fe3+ (Figure 2E; Supplementary Figure S3B). CD49d 
(integrin alpha 4) is an early differentiation marker [49], expressed independent of iron 
metabolism regulation. Regardless of the hTf or Def3∙Fe3+ concentration, 30%-40% of all 
cells had a CD235+ CD49d+ phenotype, suggesting that deferiprone supplementation 
did not delay erythroid differentiation (Figure 2F).
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The availability of chelated iron has been reported to affect erythroblast enucleation [50].  
Enucleation efficiency of the cultures was evaluated using the nuclear stain DRAQ5 
and cell size by flow cytometry (Supplementary Figure S3A). The ratio between  
enucleated (R) and total cells (R+E) indicates the enucleation ratio. High hTf 
concentrations led to a higher enucleation efficiency (65%) compared with suboptimal 
hTf concentrations (0 µg/mL hTf: 46%; 50 µg/mL hTf: 35%; 200 µg/mL hTf: 50%). 
Addition of 52 µmol/L Def3∙Fe3+ increased terminal enucleation to 80% in the absence of 
hTf (Figure 2G). In addition, Def3∙Fe3+ increased the ratio of reticulocytes over nuclei, 
indicating a positive effect on reticulocyte stability (Figure 2H). Collectively, these 
results suggest that Def3∙Fe3+ can replace hTf as medium supplement in differentiation 
cultures, maintaining high cell yields and enucleation efficiency, hemoglobin content 
and oxygen carrying capacity.

Figure 2.
(Continues in next page)
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Figure 2. Deferiprone can replace holotransferrin supplementation in erythroblast 
differentiation cultures. Erythroblast were expanded from PBMCs for 10-12 days, and 
subsequently seeded in differentiation medium. (A) Cell concentration after 6 days of  
differentiation in medium without hTf supplementation, with varying levels of Def3∙Fe3+ 
(concentrations indicated in µmol/L). (B) Hemoglobin content of cells after 4 days in differentiation 
in medium using Def3∙Fe3+ as sole iron source (○), or with varying hTf concentrations (1000, 
500, 200, 100, 50 µg/mL) in the presence of 52 µmol/L Def3∙Fe3+ (●). (C) Cell concentration of 
erythroblasts seeded in medium with or without 52 µmol/L Def3∙Fe3+ (filled and empty symbols, 
respectively), plus a decreasing concentration of hTf (values in µg/mL). (D) Oxygen dissociation 
(left) and association (right) curves measured by a HEMOX analyzer for peripheral blood 
erythrocytes (red), and reticulocytes cultured using either 1000 µg/mL hTf (blue) or 52 µmol/L 
Def3∙Fe3+ (green) as iron supplement. (E-H) Cells, differentiated for 10 days in presence of hTf 
and/or Def3∙Fe3+ as indicated, were stained with CD235 plus CD71 (E), CD235a plus CD49d (F), 
or DRAQ5 (cell permeable DNA stain; G, H). Relative cell numbers per quadrant were calculated 
(gating strategy available in Supplementary Figure S3A). (G) Enucleation percentage of erythroid 
cells, and (H) ratio of reticulocytes versus pyrenocytes (extruded nuclei) were calculated from 
the forward scatter and DRAQ5 staining. A retic./nuclei ratio > 1 means more reticulocytes than 
nuclei. Conditions labeled as 0 µg/mL hTf correspond to differentiation medium without hTf 
supplementation. Trace levels of hTf are present (<0.2 µg/mL) due to the plasma used in the 
differentiation medium (5%). All data is displayed as mean ± SD (error bars; n≥3). Significance is 
shown for the comparison with the 1000 µg/mL hTf condition (unpaired two-tailed two-sample 
Student’s t-test).
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4.3.3. Def3∙Fe3+ supplementation prevents molecular responses     
           to iron deficiency
Next, we studied whether iron supplementation by Def3∙Fe3+ and hTf similarly controlled 
cellular iron metabolism in erythroblasts. The IRP1/2-dependent expression of ferritin 
and TFR1, and HRI-dependent phosphorylation of eIF2 was measured during the first 2 
days of differentiation in presence of high and low levels of hTf or Def3∙Fe3+ (Figure 3A).  
The expression of TFR1 was upregulated in presence of apotransterrin. This is in 
accordance with IRP stabilizing TFR1 mRNA in iron-limiting conditions (as shown 
in Figure 2E). Low iron concentrations did not significantly affect TFR1 expression, 
possibly due to the stability and recycling of the TFR1 (quantification: Figure 3B).

Ferritin synthesis, in contrast, is inhibited upon IRP binding to ferritin mRNA [17].  
Ferritin levels remained high in presence of high total iron concentrations  
(1000 µg/mL hTf, or 52 µmol/L Def3∙Fe3+), but were reduced at low or absent iron levels 
(100 µg/mL hTf, or apotransferrin) (Figure 3C). Finally, high levels of p-eIF2 were 
observed in cultures with iron limitation (Figure 3D; day 2). Def3∙Fe3+ supplementation 
restored the low phosphorylation levels of eIF2 detected in cultures with high hTf 
concentration. Together, our results suggest that iron supplementation to erythroblast 
differentiation cultures either by Def3∙Fe3+ or hTf is fully interchangeable at the 
molecular level.

Figure 3. Recovery of iron regulation metabolism using deferiprone in differentiation. 
Erythroblasts were expanded from PBMCs for 10-12 days, and subsequently seeded in 
differentiation medium supplemented with hTf or aTf (values µg/mL) or Def3∙Fe3+ (52 µmol/L). 
Cells were harvested at seeding (Day 0) and after 1 and 2 days of culture. (A) Western blots of 
one representative donor showing the expression level of proteins involved in iron metabolism 
regulation. Actin was used as housekeeping protein for relative quantification of protein 
abundance. Position of size markers is indicated in kDa at the left. Membrane images were 
cropped by timepoint for clarity of the presentation, indicated by the dividing black lines and 
white space in between. Blots were cut in separate size intervals. The processing of blots and raw 
scans are available in https://doi.org/10.5281/zenodo.6350135. (B-C) Relative abundance (r.a.) of 
transferrin receptor (TFR1) and ferritin. Relative protein levels were calculated using actin signal, 
followed by normalization using the average of each donor at the start of the culture (day 0).  
(D) Level of the phosphorylated form of eIF2 (p-eIF2) relative to the total levels of eIF2. In order to 
compare different experiments, the relative p-eIF2/eIF2 ratio was normalized using the average 
of each donor at the start of the culture (day 0). Conditions labeled as 0 µg/mL hTf correspond 
to differentiation medium without hTf supplementation. Data is displayed as mean ± SD (error 
bars; n=3). Significance is shown for the comparison with 1000 µg/mL hTf (unpaired two-tailed 
two-sample Student’s t-test with Helm-Bonferrin correction for multiple comparisons). 
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4.3.4. Medium containing iron-loaded deferiprone can sustain 	
          expansion of erythroblasts

Iron requirements are especially high during erythroblast differentiation when 
hemoglobin is synthesized. However, cells do require iron as constituent of essential 
metalloproteins, such as cytochromes and some peroxidases [51]. We tested if 
deferiprone could also replace hTf supplementation during the first phase of our culture 
protocol, when hematopoietic stem and progenitor cells commit to the erythroid 
lineage, and subsequently when committed erythroblasts proliferate but hemoglobin 
production remain low. Erythroid cultures were established from peripheral blood 
mononuclear cells (PBMCs) in serum-free medium supplemented with the standard 
hTf concentration for culturing of non-hemoglobinized cells (300 µg/mL hTf), or with 
a 10× lower hTf concentration, in presence or absence of Def3∙Fe3+ (52 µmol/L). The 
presence of hTf (300 µg/mL) was required to obtain a culture of CD71+ cells from 
PBMCs (Figure 4A; Supplementary Figure S3A-B), while deferiprone alone was not 
sufficient to establish an erythroid culture in the absence of hTf supplementation. At a 
lower hTf concentration (30 µg/mL) cultures yielded less CD71+ erythroblasts, which 
was unaffected if deferiprone was supplemented. As shown previously, CD71+ cells 
cultured in absence of hTf expressed CD71 at increased levels. In these early stages, 
deferiprone did not reduce CD71 levels to those observed with hTf (Supplementary 
Figure S4). Upon prolonged expansion of committed erythroblasts Def3∙Fe3+, alone or 
supplemented to low hTf levels, resulted in the same erythroblast growth rate as when 
300 µg/mL hTf was used (Figure 4B).

To determine the optimal Def3∙Fe3+ concentration to sustain proerythroblast 
proliferation once erythroid cultures are established, PBMCs were first expanded for 6 
days in medium with hTf, followed by culture in medium with a suboptimal hTf level 
supplemented with Def3∙Fe3+ at concentrations between 0.8 and 52 µmol/L (Figure 4C). 
Maximum recovery required at least 6.5 µmol/L Def3∙Fe3+ (Figure 4D). Lack of iron, or 
low levels of iron (30 µg/mL hTf) increased the number of non-viable cells as detected 
by DRAQ7. Supplementation with Def3∙Fe3+ recovered viability of the expansion 
cultures (Figure 4E). 

High CD71 (TfR) expression characterizes erythroblasts. During the expansion phase 
of erythroblast cultures, the CD71high erythroblast population slowly gains CD235 
expression from day 10 onwards [22]. A CD71mid CD235- subpopulation, that was 
observed under iron-limited conditions (0 and 30 µg/mL hTf) and less prominently 
under low Def3∙Fe3+ concentrations (1.6 and 0.8 µmol/L), indicates a non-erythroid cell 
population that remains due to the failure of erythroblast outgrowth (Supplementary 
Figure S5). The presence of these seemingly non-erythroid cells was also observed 
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when following the expression of CD49d (Figure 4F). High levels of Def3∙Fe3+ enhanced 
the gain of CD235 and loss of CD49d to levels observed with 300 µg/mL hTf.

Because TFR2 associates with the EpoR, reduced internalization and recycling of 
TFR2/EpoR complex to the membrane was shown  to modulate EpoR signaling [12,13]. 
To investigate whether Def3∙Fe3+ supplementation interferes with EpoR signaling, 
erythroblasts were cultured in presence of hTf or Def3∙Fe3+, deprived of Epo and 
restimulated (0.2 or 1.0 U/mL), all in presence of hTf or Def3∙Fe3+. In accordance with 
previous reports, Epo-induced STAT5 phosphorylation was reduced in absence of hTf, 
and Def3∙Fe3+ did not restore STAT5 phosphorylation (Figure 4G).

Figure 4. Deferiprone supplementations sustains erythroblast expansion. Adult PBMCs 
were isolated (day 0) and cultured in expansion medium at a starting cell concentration of 
1×106 cells/mL using hTf (values in µg/mL) in the presence or absence of Def3∙Fe3+ (52 µmol/L).  
(A) Total number of CD71+ cells was determined on day 6 after PBMC isolation (combining cell 
count and CD71+ frequency by flow cytometry; data available in Supplementary Figure S4).  
(B) Erythroblast cell concentration was monitored for additional 9 days of culture, with daily 
medium refreshment. Fold change in cell number was calculated using the measured number 
of erythroblasts at day 6. Significance indicated for comparison of end (day 15) values. 
(C-F) Erythroblasts were expanded from PBMCs in expansion medium with hTf as iron source  
(300 µg/mL) for 7 days, and subsequently reseeded in medium with varying hTf concentrations 
(300, 30, 0 µg/mL) in the presence of Def3∙Fe3+ (0.8 – 52 µmol/L Def3∙Fe3+). Cultures were maintained 
for 8 days (15 days since PBMC isolation) during which daily medium refreshments were 
performed (C). After 8 days of culture, cell number fold change was calculated relative to the start 
of treatment (D). Cells were stained with DRAQ7 (cell impermeable DNA stain; E), and CD235a 
plus CD49d (F). Relative cell numbers per quadrant were calculated (representative density plots 
available in Supplementary Figure S5). (G) Analysis of the effect of Def3∙Fe3+ on Epo signaling. 
Erythroblasts were cultured with hTf (300 µg/mL), Def3∙Fe3+ (52 µM) or no iron, withdrawn from 
Epo for 3 h, and restimulated (0.2 or 1.0 U/mL EPO). Lysates were subjected to western blot 
analysis using phospho-STAT5 and total-STAT5 antibodies. All 9 samples (3 Epo concentrations 
× 3 iron supplementation treatments) were run in the same gel. Original uncropped membrane 
images for both donors are available in https://doi.org/10.5281/zenodo.6350135. Data in panels 
(A-F) is displayed as mean ± SD (error bars; n=3). Significance is shown for the comparison with 
300 µg/mL hTf (unpaired two-tailed two-sample Student’s t-test). Data for panels (B-E) available 
in Supplementary Table S1. 
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4.3.5. Iron-loaded deferiprone can replace holotransferrin for 	
          other myeloid cell lines

As a limited number of cell lines are able to produce Tf, it is commonly used as supplement 
in chemically defined media (i.e serum-free) for most mammalian cell cultures [52]. 
Thus, we evaluated the potential of Def3∙Fe3+ to fully replace holotransferrin in cultures 
of the myeloid cell lines MOLM13, NB4, EOL1, K562, HL-60, and ML-2. Cells were 
seeded in media containing no iron, 300 µg/mL hTf or 52 µmol/L Def3∙Fe3+. All cell 
lines could be expanded in our serum-free medium supplemented with hTf (Figure 5A;  
Supplementary Figure S6). Lack of iron decreased the growth rate, with MOLM13 and 
NB4 cells showing a decrease of 4 orders of magnitude in cell numbers after 16 days of 
culture. EOL1 cultures seemed less sensitive to lack of hTf, but proliferation in presence 
of hTf was also low. Def3∙Fe3+ recovered growth to levels comparable with only-hTf 
conditions. As observed in ex vivo erythroblast expansion and differentiation cultures, 
lack of hTf led to an upregulation of CD71 expression in all cell lines (Figure 5B). 
Def3∙Fe3+ supplementation restored CD71 expression levels and viability (Figure 5C) 
comparable to that in hTf-only cultures.

Figure 5. Deferiprone sustains expansion of selected myeloid cell lines. Myeloid cell 
lines were cultured in Cellquin medium supplemented or not with 300 µg/mL hTf or 52 µmol/L 
Def3∙Fe3+ for 16 days. (A) Total cell number fold change relative to day 0. (B) Expression level of 
the transferrin receptor (CD71) determined by flow cytometry. MFI for corresponding isotypes 
is between 1×102 - 3×102. (C) Cells were stained with DRAQ7 (cell impermeable DNA stain) to 
quantify the viability of the cultures. Data is displayed as mean ± SD (error bars; individual 
datapoints are indicated; n=3). Significance is shown for the comparison with 300 µg/mL hTf 
(unpaired two-tailed two-sample Student’s t-test).



Figure 5.
(See caption on previous page)
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4.4. Discussion

Hemoglobin production requires a high uptake of iron in differentiating erythroblasts, 
which is supplied as hTf. We evaluated whether iron-loaded chelators can be a low-
cost alternative for the high hTf supplementation levels required in ex vivo erythroid 
cultures. Our data show that deferiprone, a bidentate α-ketohydroxypyridine iron-
specific chelator, could replace holotransferrin supplementation to produce large 
numbers of enucleated hemoglobinized cultured RBCs at concentrations as low as  
26 μmol/L (Def3∙Fe3+). Hemoglobin content and oxyhemoglobin dissociation dynamics 
of cultured RBCs (cRBCs) derived with Def3∙Fe3+ or with hTf as sole iron source were 
similar.

We show that hemoglobin is expressed at similar levels, and is equally functional in 
reticulocytes cultured in presence of hTf or Def3∙Fe3+. Iron-loaded chelators can serve 
as an iron pool to low amounts of transferrin still present in our cultures dependent 
on their affinity for iron. Chelators with a relatively low affinity for iron such as 
deferiprone (pFe3+: 19.3) will transfer Fe3+ to aTf (pFe3+: 22.3; pFe3+ value is defined as 
-log10 [Fe3+] with 1 μM total iron and 10 μM total ligand at pH 7.4). Instead, chelators 
with a pFe3+ larger than aTf such as deferoxamine mesylate (DFOA) and deferasirox 
(DFO; pFe3+ > 26) will deplete hTf from iron. By consequence, deferiprone is very well 
suited to stabilize Fe3+ in cell culture media and to transfer Fe3+ to aTF to enable uptake 
via TfR1 and TfR2.  

Tf may still be present due to, for instance, the use of plasma in differentiation cultures, 
or due to intracellular pools of transferrin from the preculture stage. Deferiprone, 
however, is able to permeate the cell and access labile iron pools in subcellular 
compartments possibly due to its low molecular weight (139.1 g/mol) and mild lipophilic 
nature (distribution coefficient D7.4 = 0.17, octanol/water at pH 7.4), as previously 
reported [53,54]. Deferiprone's ability to enter cells is not clearly required to enable 
iron transfer to Tf. However, we speculate that this known characteristic of deferiprone 
may enable a more robust redistribution of iron between cells in culture. Deferiprone 
can mobilize intracellular iron and render it available for hemoglobin synthesis [34]. 
Other iron-loaded chelators such as DFOA∙Fe3+ can also function as substrate for heme 
synthesis instead of holotransferrin [55]. Excessive iron availability, however, may 
also cause oxidative damage [56,57]. High levels of Def3∙Fe3+ (26-52 µmol/L) did not 
have a detrimental effect on the expansion or differentiation of erythroid cultures. 
This may indicate that the iron-binding affinity of deferiprone is just right to prevent 
toxicity of free iron, while simultaneously releasing iron to either intracellular 
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proteins or to transferrin molecules. Alternatively, erythroid cells may be protected 
against high iron levels because of the expression of anti-oxidant proteins [58].

The recommended dosage of deferiprone for iron-chelation therapy is 75 mg/kg/day  
to attain deferiprone plasma levels ranging between 10 and 40 mg/L [59–61]. 
Differentiation medium contains 21.7 mg/L Def (52 µM Def3∙Fe3+). Assuming an equal 
distribution of deferiprone in the extra- and intracellular space, and a cell volume of 
200 pL (Supplementary Figure S1A), 1 unit packed reticulocytes (2×1012 cells) would 
contain 87 mg deferiprone. For an average human adult (62 kg), the transfusion of a 
single unit of packed red blood cells would correspond to 0.14 mg Def/kg, two orders 
of magnitude lower than the recommended deferiprone dosage in a single day of 
treatment. Even if it is assumed that all deferiprone in the medium is accumulated 
inside the cultured reticulocytes, the deferiprone dosage would be 70 mg/kg, still lower 
than the recommended daily dosage of deferiprone. We expected these values to be 
lower, as cultured reticulocytes must be washed to remove medium components and 
pyrenocytes before being used for therapeutic purposes.

The use of deferiprone is not without potential side effects. Neutropenia has been 
observed for deferiprone treatment of thalassemia patients at much higher dosages  
(75 mg/kg/day) and an incidence of ~2 per 100 patient years [62]. We expect, however, a 
low risk for side effects after transfusion of cRBCs cultured with iron-loaded deferiprone 
as iron source. Deferiprone is able to redistribute iron among cells, but half of it still 
contains iron. The deferiprone load in cRBCs is low, it will rapidly diffuse out of the 
cRBC, and be eliminated from the body via degradation in the liver and excretion via 
the kidneys with a half-life of 2-3 hours [45].

We hypothesize that Def3∙Fe3+ may act independent of Tf and the TFR1, but only 
deletion of TFR1/TFR2 will confirm this. Compared to addition of aTf, both Def3∙Fe3+ 
and hTf treatment of cultured erythroblasts increased ferritin expression and decreased 
CD71 (TFR1) surface expression, indicating that Def3∙Fe3+ increased intracellular iron 
concentration. Recently, modulation of Epo-mediated signaling via transferrin and TFR2 
was reported, in which the binding of hTf or mTfC to TFR2 increased Epo sensitivity, 
enhancing the survival, proliferation and differentiation of erythroid progenitor cells, 
specially at low Epo concentrations (0.1 U/mL) [13,63]. Notably, Epo-induced STAT5 
phosphorylation is reduced in absence of hTF, which is not rescued by Def3∙Fe3+. 
Thus, supplementation of media with Def3∙Fe3+ instead of hTf may shift the Epo dose-
response of erythroblasts. The observation that expansion of erythroblast cultures 
supplemented with only Def3∙Fe3+ is not as high as expansion in presence of hTf plus 
Def3∙Fe3+ (ca. 50-fold instead of 100-fold in 8 days) may be due to reduced EpoR signaling.
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Phosphorylation levels of eIF2α in cells cultured with Def3∙Fe3+ were increased compared 
to addition of hTf, but lower than in presence of aTf. eIF2α can be phosphorylated by the 
heme-regulated eIF2α-kinase (HRI), which is activated under heme-limited conditions 
in erythroid cells [18]. As hemoglobin levels were maintained in Def3∙Fe3+-treated cells, 
it is possible that the observed increase in p-eIF2α is due to other mechanisms, such as 
an increase in intracellular oxidative stress levels due to iron overload.

Def3∙Fe3+ in serum-free expansion medium without hTf supplementation supported 
erythroblast proliferation during the second stage of our culture system. However, 
Def3∙Fe3+ was unable to support the establishment of erythroblast-enriched cultures 
from PBMCs. The addition of suboptimal concentrations of hTf to these cultures 
allows for limited outgrowth of erythroblasts, which was not altered by the presence of 
Def3∙Fe3+. Possibly, toxicity by iron overload is causing the lower yield. Once cells were 
committed to the erythroid lineage, Def3∙Fe3+ could fully substitute hTf supplementation. 

It is also possible that in the first days of culture, precursor cells not yet committed 
to the erythroid lineage may lack the molecular machinery to incorporate iron ions 
provided by Def3∙Fe3+. It becomes relevant to understand how Def3∙Fe3+ complexes are 
processed by the cells and their interaction with intracellular iron pools, as the data 
suggests a differential ability between hematopoietic progenitors and erythroblasts to 
utilize this source of iron. Of note, these early cultures are small scale and the use of 
hTf is not yet an important cost factor. Thus, cultures could be started in presence of 
hTf, and be continued in medium supplemented with Def3∙Fe3+ once an erythroblast-
enriched population is established.

Holotransferrin is the main iron source in mammalian cell culture medium, and is 
typically included in culture media by supplementation with serum. However, serum-
containing media have an unclear chemical composition, typically show batch-to-batch 
variation, and have a risk of contamination; for example, by viruses. Defined serum-
free formulations have been developed, and require purified hTf [64]. Use of purified 
Tf from plasma, or of recombinant Tf from rice or yeast, can potentially introduce 
contaminants. Def3∙Fe3+, however, is chemically produced, which can be an advantage 
with respect to purity in the production of chemically-defined protein-free medium.

Migliaccio et al. [5] proposed the first serum-free medium formulation for erythroid 
culture, and showed that transferrin levels have a direct impact on the yields 
of erythroid progenitor cells. Erythroblast expansion and differentiation can be 
achieved using 300 and 1000 µg/mL hTf, respectively [22]. Olivier et al. developed 
chemically defined culture media for cRBC production in which supplemented Fe3+-
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EDTA reloads the used Tf, allowing for lower Tf concentrations [29]. Nevertheless,  
50 µg/mL Tf are still needed in this strategy to reach growth and enucleation levels like 
those of cultures using Tf-only medium. The results of our study indicate that although 
transferrin supplementation of serum-free medium is currently essential for the 
establishment of erythroid cultures from PBMCs, it can be fully replaced by Def3∙Fe3+ 
supplementation during erythroblast expansion, differentiation and maturation. In the 
medium described in Heshusius et al. [22], holotransferrin constitute 65% of the costs 
of the differentiation medium, including the cost of Epo. Iron-loaded deferiprone at 
the concentration described in our manuscript (52 μmol/L Def3∙Fe3+) is at least 400-fold 
less expensive than recombinant transferrin and thus reduces the medium price by 
64% [65]. At 50 μg/ml as proposed by Olivier et al. [29], hTf would constitute 8% of the 
costs, still considerably more than ~0.5% of the costs using only Def3∙Fe3+. Although hTf 
concentrations are significantly lower in culture media for other primary cells and for 
cell lines typically used in biopharmaceutical processes (e.g. hybridoma, CHO, Vero; 
ranging between 5 and 100 µg/mL), its replacement with Def3∙Fe3+ may be a significant 
cost-saver at an industrial production scale. Furthermore, replacing transferrin by a 
small iron chelator could help towards protein-free culture medium formulations, 
which could speed up translations of stem cell cultures to conditions compliant with 
good manufacturing practices (GMP).
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4.8. Supplementary materials
4.8.1. Supplementary figures

Supplementary Figure S1. Intracellular hemoglobin concentration of differentiating 
erythroblasts using holotransferrin and iron-loaded deferiprone as iron source. 
Erythroblasts were expanded from PBMCs for 10-12 days, and subsequently seeded in 
differentiation medium at a starting cell concentration of 1.5 – 2.0×106 cells. (A) Cells were seeded 
with decreasing holotransferrin concentrations (1000, 200, 100, 50 and 0 µg/mL). Evolution 
of mean cell diameter is depicted. (B) Hemoglobin cell content (i.e. mass of hemoglobin per 
cell; displayed as arbitrary units = absorbance at 420 nm per million cells) was determined at 
indicated days. The effect of deferiprone supplementation with sub-optimal hTf concentrations 
on erythroblast cell volume (C) and hemoglobin content (C,D) in differentiation cultures was 
also evaluated. For this, erythroblast expanded from PBMCs were seeded in medium using hTf 
as sole iron source (dark grey; ●), or in hTf-limited conditions (100 µg/mL hTf) in the presence 
of Def3∙Fe3+ in concentrations ranging between 3.2 and 52 µmol/L (light grey; ■). Intracellular 
hemoglobin concentration was calculated using the cell volume and Hb per cell values (day 4 of 
treatment), and is depicted in arbitrary units (a.u.) of absorbance per fL of cell volume. Mean ± 
SD (error bars; n≥3). Significance is shown for the comparison with 1000 µg/mL hTf (unpaired 
two-tailed two-sample Student’s t-test).
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(Figure and caption continue on next page)

Supplementary Figure S2. Modeling of iron saturation in transferrin and deferiprone 
solutions. (A) Iron shuttling mathematical model proposed for the reloading of apotransferrin 
in culture using iron-loaded deferiprone. Leaching of Fe3+ ions from deferiprone or transferrin 
was the only mechanism considered for the transfer of iron between the two chelators.  
(B) Concentrations of transferrin and deferiprone species were calculated assuming equilibria 
at culture conditions (pH = 7.4, 3.5 mmol/L HCO3

-). For transferrin, the association equilibrium 
constants of 7.0×1022 L/mol and 3.6×1021 L/mol for the binding of the first and second Fe3+ ion 
were assumed, respectively [44]. No difference in the association of iron to the N- and C-lobes of 
transferrin was considered. For deferiprone, the global stability constants (log β) for the Def‧Fe3+, 
Def2‧Fe3+ and Def3∙Fe3+ complexes were assumed to be 15.01, 27.30 and 37.43, respectively [32]. 
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B
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For simplicity purposes, a constant net average iron uptake rate (inflow + iron export from the cells) 
of 1.7×10-7 mol Fe3+/L‧h was assumed, corresponding to the production of 10×106 hemoglobinized 
cells per mL of culture (1 cell = 300 million Hb molecules) in 4 days. It was assumed that iron 
association and dissociation kinetics with Tf and Def dominate iron concentration in the 
extracellular space, and that this is faster than the net utilization rate of iron in the intracellular 
space. Calculation of transferrin and deferiprone concentrations for each timepoint was performed 
solving the system of nonlinear chemical equilibrium equations with MATLAB ver. R2019b.  
(C) Calculated time profiles for the concentrations of the different transferrin and deferiprone 
species for cultures with either 1000 or 100 µg/mL of hTf, in presence or absence of Def3‧Fe3+. 
Under low hTf conditions, supplementation with Def3‧Fe3+ leads to a delay on the depletion of hTf.

C
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Supplementary Figure S3. Expression of erythroid cell surface markers in differentiation 
cultures supplemented with deferiprone. Erythroblasts were differentiated for 10 days in 
medium at different hTf concentrations, in the presence or absence of Def3∙Fe3+ (52 µmol/L).
(A) Gating strategy to evaluate the differentiation level of cultured erythroblasts. Cells were gated 
(FSC/SSC), followed by gating of single cells (FSC-A/FSC-H). Cells are depicted in a CD235a/
CD71 or a CD235a/CD49d dot plot. To evaluate enucleation levels, erythroblasts (DRAQ5+ 
FSChigh), pyrenocytes (extruded nuclei; DRAQ5+ FSClow) and reticulocytes (DRAQ5-) were gated. 
(B) Representative density plots indicating the expression of the cell surface markers CD71, 
CD235 and CD49d after 10 days of culture.
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Supplementary Figure S4. Cell yields and expression of transferrin receptor TFR1 
(CD71) on erythroid cultures stablished under deferiprone supplementation. PBMCs 
were cultured in expansion medium without iron, or supplemented with holotransferrin (30 
µg/mL or 300 µg/mL) and Def3∙Fe3+ (52 µmol/L), as indicated. After 6 days of culture, the typical 
time for the establishment of erythroid cultures, total cell concentration was measured (A). 
Percentage of CD71+ cells (B) and the mean fluorescence intensity of CD71 (C) were determined 
by flow cytometry. Cultures were kept for 9 days more, as shown in Figure 4B. Mean ± SD (error 
bar; n=3). Significance is shown for the comparison with the 300 µg/mL hTf condition (paired 
two-tailed two-sample Student’s t-test).
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4.8.2. Supplementary tables

Supplementary Table S1A. Analysis of the effect of deferiprone supplementation 
from day 0 of the culture protocol on erythroblast cell numbers. 

Supplementary Table S1B. Analysis of the effect of deferiprone supplementation 
from day 7 of the culture protocol on erythroblast cell numbers. 

Data corresponding to Figure 4B.

* p-values were calculated using the log10(fold change) data and an unpaired 2-tail Student t-test, 
with the condition “300 µg/mL hTf + no Def3∙Fe3+” (first row) as reference.

Data corresponding to Figure 4C and D.

* p-values were calculated using the log10(fold change) data and an unpaired 2-tail Student t-test, 
with the condition “300 µg/mL hTf + no Def3∙Fe3+” (first row) as reference.

 

Condition 
Cell number fold change (FC) at 
day 15 (relative to day 7) (n=3) 

log10(FC) (n=3) 

hTf 
(µg/mL) 

Def3 Fe3+ 
(µmol/L) 

Mean (Range) Mean (Range) p-value* 

300 0 96.5 (60.1  130.7) 1.96 (1.78  2.12)  

0 0 4.5 (2.6  5.7) 0.63 (0.41  0.76) 0.0008 

0 52 41.7 (24.1  54.6) 1.59 (1.38  1.74) 0.0657 

30 0 8.2 (5.8  11.5) 0.89 (0.76  1.06) 0.0013 
30 52 54.0 (32.4  65.2) 1.71 (1.51  1.81) 0.1479 

30 26 66.7 (42.7  82.2) 1.81 (1.63  1.91) 0.3047 

30 13 68.1 (44.6  81.3) 1.82 (1.65  1.91) 0.3262 

30 6.5 56.1 (39.1  66.0) 1.74 (1.59  1.82) 0.1393 

30 3.2 31.0 (21.4  36.2) 1.48 (1.33  1.56) 0.0174 

30 1.6 23.5 (15.3  28.1) 1.36 (1.18  1.45) 0.0097 

30 0.8 17.3 (14.8  21.6) 1.23 (1.17  1.33) 0.0028 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Condition 
Cell number fold change 
(FC) at day 15 (relative to 

day 6) (n=3) 
log10(FC) (n=3) 

hTf 
(µg/mL) 

Def3 Fe3+ 
(µmol/L) 

Mean (Range) Mean (Range) p-value* 

300 0 296.6 (227.4  357.9) 2.46 (2.36  2.55)  
0 0 17.5 (10.4  24.9) 1.22 (1.02  1.40) 0.0018 

30 52 153.5 (106.4  233.0) 2.16 (2.03  2.37) 0.0399 

30 0 36.4 (15.9  65.8) 1.49 (1.20  1.82) 0.0162 

0 52 152.4 (117.3  216.1) 2.17 (2.07  2.33) 0.0367 
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Supplementary  Table S1C. Analysis of the effect of deferiprone supplementation 
from day 7 of the culture protocol on erythroblast viability. 

Data corresponding to Figure 4E.

* p-values were calculated using the log10(fold change) data and an unpaired 2-tail Student t-test, 
with the condition “300 µg/mL hTf + no Def3∙Fe3+” (first row) as reference.

Condition % of DRAQ7- cells at day 15 (n=3) 
hTf 

(µg/mL) 
Def3 Fe3+ 
(µmol/L) 

Mean (Range) p-value* 

300 0 82.7 (75.4  87.5)  

0 0 40.9 (29.1  51.2) 0.0049 

0 52 82.6 (79.4  84.6) 0.9938 

30 0 54.5 (40.8  64.2) 0.0240 
30 52 81.3 (80.0  82.9) 0.7370 

30 26 81.0 (78.6  82.2) 0.6842 

30 13 81.9 (79.1  84.5) 0.8640 

30 6.5 81.6 (78.9  83.4) 0.8065 

30 3.2 77.7 (72.1  81.4) 0.3508 

30 1.6 71.5 (66.3  76.5) 0.0769 

30 0.8 76.5 (67.2  87.8) 0.4306 
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5.1. Towards a defined safe erythroid culture medium

Cultured red blood cells (cRBCs) are a promising new source of erythrocytes for 
transfusion purposes, not only to cover the shortcomings of the current fully-donor-
dependent system, but also for novel cellular therapies using RBCs as carriers of 
therapeutics. The research described in this thesis is part of the larger global aim 
to develop an efficient and cost-effective protocol to produce cRBC for transfusion 
purposes. To tackle current challenges in the large scale production of cRBC, a culture 
protocol for the production of cRBCs using stirred tank bioreactors was developed. 
The culture system was used to investigate the effect of relevant parameters for further 
scale-up, such as oxygen availability and turbulence due to agitation. Furthermore, we 
studied the potential sources of the observed cell density limitations in erythroblast 
proliferation cultures, and we proposed medium modifications to improve the 
productivity and cost-effectiveness of the process. Challenges that were identified 
during this thesis study are discussed in this chapter.

The development of serum-free medium for erythroid cultures represented an important 
milestone for the production of safe clinical grade cRBCs, as serum is a poorly defined 
component that can carry contaminants such as viral agents or prions [1–3]. In those 
media formulations, serum is replaced by a defined mix of lipids, small molecules, and 
proteins. Although these media can be compliant with Good Manufacturing Practices 
(GMP) quality standards, issues with batch-to-batch variations and presence of 
contaminants in the supplemented proteins can lead to safety concerns. Thus, a clear 
next step for the development of erythroid culture medium is the reduction or full 
replacement of such components.

Albumin, an essential component in serum-free erythroid culture media, often displays 
batch-to-batch variations with putative contaminants [4–6]. Albumin purity level has 
been shown to have a direct impact on the efficiency of erythroid cultures [7]. Full 
replacement of albumin would represent a step towards a more consistent process and 
a safer final product. However, replacement of albumin in media for mammalian cell 
culture processes is challenging, as it can fulfill different roles: (i) carrier of hormones, 
lipids, trace elements, and other small molecules; (ii) scavenger of toxic byproducts (e.g. 
reactive oxygen species ROS, inhibitory metabolic byproducts); (iii) shear protectant in 
agitated reactors; and (iv) direct nutrient source as it can be internalized and degraded, 
releasing amino acids and small peptides [8]. Polyvinyl alcohol (PVA), a non-toxic 
polymer has been applied as albumin replacement in erythroid cultures with promising 
results in static cultures, sustaining the proliferation capacity of HSCs and erythroid 
progenitor cells [9,10]. Further testing of PVA in agitated culture systems is needed to 
assess whether the shear protection as provided by albumin is functional with PVA as well.



213

General discussion

5

5.2. Media cost reduction
The high cost of medium, for both proliferation and differentiation phases, leads 
to non-competitive cRBCs compared to the current source of RBCs for transfusion 
purposes (donations), even considering the more expensive cryopreserved units from 
rare donors. The main cost drivers are the growth factors and other proteins added to 
the medium (Table 1). Although transferrin only contributes to 17% of proliferation 
medium costs, it is the major cost driver in differentiation medium (65% of total cost 

In differentiation, albumin can be eliminated from the culture if supplementation with 
plasma is maintained (data not shown). In the culture protocol developed by Heshusius 
et al., plasma is supplemented to differentiation medium at a final concentration 
of 5% v/v [7]. Removal from plasma led to impaired terminal differentiation and 
low enucleation levels (<25%). Lot-to-lot variation for plasma can be a large source 
of variability in the process. This effect has been minimized in this thesis by using 
pooled plasma from 600-1200 donors (Omniplasma; Octopharm, Austria). Although the 
composition of Omniplasma regarding coagulation factors and other plasma proteins 
has been described, it is still an undefined mixture with unknow full composition, as it 
carries lipids, hormones and other small molecules for which exact concentrations are 
not reported. This limits the determination of the set of molecules that makes plasma 
necessary for an efficient differentiation process. To elucidate the role of plasma on 
erythroblast differentiation, a design-of-experiments approach could be followed to 
test multiple combinations of replacement molecules at varying concentrations. This 
could be supported by a characterization of plasma composition before and after 
culture to identify depleted molecules during differentiation.

Transferrin purified from human plasma is also supplemented to erythroid culture 
medium. Although recombinant transferrin is commercially available, it is prohibitively 
expensive for large scale cRBC production. We developed a strategy to reduce transferrin 
requirements in all erythroid culture stages, using an iron-loaded chelator (deferiprone, 
Chapter 4). Deferiprone is already used in chelation therapy, and data is available 
regarding uptake mechanisms, safety levels, potential side effects, and interactions with 
other drugs. We estimate that even under a worst-case scenario (assuming the unlikely 
scenario that all deferiprone supplemented to the medium remains in the cytosol), the 
equivalent dosage of deferiprone after transfusing a packed unit of cRBC would still be 
lower than the maximum recommended dosage of deferiprone for chelation therapy. 
However, the described ability of deferiprone to cross the cell membrane and redistribute 
iron between cellular compartments suggests that no intracellular accumulation of 
deferiprone would take place. Washing steps could be performed on the cRBCs after the 
differentiation process, significantly reducing deferiprone levels in the final product.
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per liter of differentiation medium). The elimination of transferrin requirements in 
differentiation and the reduction in concentration in proliferation medium from  
300 µg/L to 30 µg/L (Chapter 4) massively reduces the cost of the process (Table 1). 
However, the need for holotransferrin in the process could not be fully eliminated. We 
observed that holotransferrin is needed in the first stage of erythroid cultures in which 
HSCs commit to the erythroid lineage. It is known that hTf potentiates EpoR signaling 
required for efficient erythroid proliferation and differentiation [11]. We hypothesize 
that a recovery in growth in HSC cultures under absence of hTf could be achieved 
by adjusting Epo levels in the medium. If still low concentrations of transferrin are 
required in that culture stage, further reduction in transferrin costs could be achieved 
by using low-cost transferrin alternatives, such as recombinant transferrin produced 
in rice or yeast. However, as with any other medium modification in the process, the 
safety of these recombinant proteins must be fully assessed.

Table 1. 
(See caption on next page)

* Research-grade reagents

EXPANSION 
MEDIUM 

Original 
formulation This thesis Replacement of 

hSCF 
Replacement of 

albumin 
Cellquin 100 € (19%) 100 € (22%) 100 € (29%) 55 € (19%) 

Holotransferrin 92 € (17%) 9.2 € (2%) 9.2 € (3%) 9.2 € (3%) 

hSCF 323 € (61%) 323 € (72%)     

Epo 13.3 € (3%) 13.3 € (3%) 13.3 € (4%) 13.3 € (5%) 

Def3∙Fe3+  *   0.9 € (<1%) 0.9 € (<1%) 0.9 € (<1%) 

740Y-P  *     216 € (64%) 216 € (73%) 

Polyvinyl alcohol       0.3 € (<1%) 

Total cost per L 528 € 446 € 339 € 295 € 

Total cost reduction   -15% -36% -44% 
 

DIFFERENTIATION 
MEDIUM 

Original 
formulation This thesis Replacement of 

albumin  

Cellquin 100 € (21%) 100 € (60%) 55 € (45%)   

Holotransferrin 307 € (65%)       

Epo 67 € (14%) 67 € (40%) 67 € (54%)   

Def3∙Fe3+  *   0.9 € (<1%) 0.9 € (<1%)   

Polyvinyl alcohol     0.3 € (<1%)   

Total cost per L  474 €  168 € 123 €  

Total cost reduction   -64% -74%  
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Total cost reduction   -64% -74%  
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Table 1. Cost of components within proliferation and differentiation medium for 
erythroid cultures. Cost per liter of proliferation (top) and differentiation (bottom) medium 
for erythroblast cultures was estimated using currently reported prices for all components. The 
effects of full replacement of human serum albumin by polyvinyl alcohol (PVA; 0.1% w/w), and 
of hSCF by a PIK-3 agonist (740Y-P; 1 µM) recently reported by Sakurai et al. [12] were also 
analyzed. Prices of research-grade components were used when no available data for GMP-
compliant reagents was available (Epo: EPREX®, Janssen-Cilag, cat#13953729; hSCF: R&D 
Systemscat#255-GMP-01M; Def3∙Fe3+: Sigma cat#379409 and 451649; 740Y-P: AbMole cat#M9389; 
PVA: Sigma cat#141350). The cost of Cellquin medium includes the costs of the basal medium 
(IMDM) and all supplements previously described by Heshusius et al. [7] (i.e. albumin, lipids, 
insulin, nucleosides, trace elements, L-glutamine, and sodium pyruvate).

Stem cell factor (hSCF; h for human) is a clear target to continue with media cost 
reduction, as it contributes to 61% of the current proliferation medium cost. hSCF is 
required for the survival and proliferation of HSCs and proerythroblasts. Upon binding 
to its cognate receptor (c-Kit), triggering signal transduction pathways associated to 
the regulation of cell proliferation and survival, hSCF is internalized together with 
c-Kit, and is then degraded. Thus, a net decrease in hSCF concentration takes place in 
erythroid cultures (Chapter 2). However, this internalization process is not required 
to trigger the signaling cascades relevant to maintain erythroblast proliferation, as 
membrane-associated SCF can also trigger signaling transduction pathways, though 
with different intensity compared to soluble SCF [13,14]. Magnetic microparticles 
with immobilized hSCF that can be retained and reused between media refreshments 
have been developed [15]. Although this form of immobilized hSCF could support 
the proliferation of an erythroblast cell line, it was less active than soluble hSCF. 
Compatibility with GMP requirements and the safety of the final product are critical 
points for the use of any immobilized form of hSCF. To achieve this, full recovery of 
the particles containing the immobilized growth factor from the final product would 
be required.
 
An alternative approach to reduce hSCF costs in the process is the use of short synthetic 
“mimetic” peptides that can trigger the same signaling pathways as full soluble hSCF. 
This strategy has been used to replace other growth factors, such as fibroblast growth 
factor (FGF-2) and hepatocyte growth factor (HGF) [16,17]. The design of these peptides 
must consider the intracellular signaling cascades linked to hSCF. Sakurai et al. have 
recently reported that 740Y-P, a 25-residue peptide, can fully replace hSCF in HSC 
cultures [12]. 740Y-P stimulates the proliferation of CD34+ cells by activating PIK3, one 
of the major signaling pathways associated to hSCF. Replacement of hSCF by 740Y-P 
would result in further media cost reduction (see Table 1), but it must be validated in 
erythroblast cultures.
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5.3. Understanding erythroblast metabolism for medium 	
       optimization
Decreasing the media costs is only one of the many steps needed for efficient production 
of competitively priced cRBCs. Due to observed limitations in cell concentrations in 
erythroblast proliferation cultures (1-2×106 cells/mL), a culture volume of 1000-2000 L  
is needed to produce 2×1012 RBCs for a transfusion unit. Even with a 10× reduction 
in the cost of the medium, the production cost of a single transfusion unit would still 
be in the range of 40 000-50 000 EUR considering just the proliferation medium, still 
significantly higher than the current hospital cost of donor RBCs (~200 EUR per unit for 
common blood groups, 700-1200 EUR for frozen blood with rare phenotypes; [18,19]). 
Larger bioreactor vessels would also bring high operating costs, due to the energy 
requirements for mixing and heating. Thus, there is a clear need for the optimization 
of medium composition to support higher cell densities.

5.3.1. Identifying and overcoming nutrient limitations in 	  	
          erythroid cultures

Experimental data shown in Chapter 3 indicate that exhaustion of nutrients with small 
molecular weight (<3 kDa) hampers proliferation of erythroblasts in high cell density 
cultures. Rapidly proliferating mammalian cells demand high uptake rates of amino 
acids to support the protein synthesis for new biomass production [20]. A high demand 
for other essential nutrients directly related to biomass synthesis, including essential 
lipids, vitamins and trace elements, can also be expected in erythroblast proliferation 
cultures [21–23]. Of the 13 vitamins considered essential for humans (vitamins A, C, 
D, E, K, B1, B2, B3, B5, B6, B7, B9, and B12), only B vitamins are included in IMDM. 
Although supplementation of spent medium with the vitamins already present in 
IMDM did not show an increase in growth, vitamins not included in IMDM may be 
limiting. Some of the remaining vitamins might already be present in the medium, as 
the plasma-derived human albumin included in the current medium formulations can 
carry hydrophobic ligands, such as fat-soluble vitamins. Measuring the concentration 
of all essential vitamins during culture can reveal hidden limitations that could not 
be identified by the untargeted metabolomics approach followed in this thesis, or 
potential limitations when reaching even higher cell densities. A similar approach can 
also be followed for trace elements, determining the concentration of each species by 
techniques such as ICP-MS, or supplementing cell culture medium with other trace 
elements (e.g. commercially available pharma-grade trace element mixes) than those 
already included in the current medium formulation (Mn2+, Ni2+, Sn2+, MoO4

2+, VO4
3-, 

SO4
2+), such as zinc and copper.
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The observed decrease in growth could be caused by the combined effect of multiple 
simultaneous nutrient limitations, or by bottlenecks in important pathways for biomass 
synthesis that are not easy to identify using untargeted or targeted metabolomic 
approaches. Metabolic flux analysis of small scale metabolic networks has already been 
used for industrially relevant mammalian cells (CHO, hybridoma), and had allowed to 
identify hidden limitations for cell growth or for the production of the molecules of 
interest, typically monoclonal antibodies [24–26]. By considering the complete set of 
reactions taking place inside the cell, genome-scale metabolic models (GEMs) can be 
even more successful. GEMs have already been used in combination with constraint-
based metabolic modelling to drive culture media optimization [27,28]. This has 
allowed to reduce the experimental time required compared to conventional media 
optimization methods based on statistical design of experiments (DoE), which are 
challenging for mammalian cell culture medium typically containing >50 components.
 
It is important to consider that the reconstruction process of a cell-specific GEM (i.e. 
defining the full set of metabolic reactions) is a time-consuming process, requiring 
different types of omics data and extensive manual curation. An erythroblast-specific 
GEM should be developed using existing proteomics and transcriptomics data of 
proliferating erythroblasts. Quantitative data on fluxes going in and out of the cells 
can also be used to constrain the model, although alternative methods that allow to 
use untargeted semiquantitative metabolomics measurements (such as those presented 
in Chapter 3) are also available [29]. Although not included in this thesis, flux 
balance analysis of an erythroblast-specific GEM extracted from the human metabolic 
reconstruction model Human1 suggest limitations in biomass synthesis caused by 
bottlenecks in lipid metabolism. However, it is important to note that those results 
are highly dependent on the biomass reaction, which should accurately represent 
the biomass composition of a proliferating erythroblast. The determination of this 
erythroblast biomass equation should be derived from experimental measurements of 
the macromolecule composition of the cells.

Although in this thesis we focused on proliferation cultures, profiling the metabolism 
of erythroblasts in differentiation will also be required to further optimize medium 
composition in that culture stage. Differentiation is a challenging stage because 
metabolic requirements of the cells will change over time as erythroblasts go through 
the maturation process from proerythroblasts to basophilic, polychromatophilic, and 
orthochromatic erythroblasts, and finally to enucleated reticulocytes. Hemoglobin 
synthesis is a clear example of the dynamic metabolic requirements during differentiation, 
as it takes place mainly during the first days of differentiation culture (Chapter 4). 
In this period, cultured cells need to cover the massive heme and globin synthesis 
requirements, increasing the consumption rates of specific nutrients, such as glycine.
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5.3.2.	 Addressing toxic byproduct accumulations

Rapidly proliferating mammalian cells often display “wasteful” metabolism of 
glucose, characterized by high activity of the glycolytic pathway and elevated lactate 
production, even under sufficient oxygen availability [30]. Furthermore, a large fraction 
of the nitrogen of the consumed glutamine is secreted as ammonia and alanine [31]. 
Accumulation of lactate and ammonium is the common cause of growth inhibition 
in mammalian cell cultures. However, inhibition due to lactate and ammonium 
alone or in combination does not explain the decrease in growth rate in erythroblast 
proliferation cultures [32]. Other inhibitory metabolite byproducts have been recently 
described in animal cell cultures, including side products and intermediates of amino 
acid catabolism pathways [33–35]. Nevertheless, significant levels of those metabolites 
were not detected in the metabolic profiling of erythroblast cultures (Chapter 3).

It is possible that accumulation of lactate, ammonia, and these recently described toxic 
metabolites could reach toxic levels if the potential nutrient limitations in the current 
culture protocol are overcome, and higher cell densities are achieved. These metabolites 
can display a superadditive inhibitory effect, in which the total impact in growth is 
larger than the sum of the individual toxic effects of each individually. This synergistic 
effect on cell expansion of molecules which individually are below inhibitory threshold 
levels has been observed for hematopoietic stem cell cultures [36].

Control of glucose and glutamine concentrations have been used to minimize lactate 
and ammonium accumulation, and similar strategies have been proposed for the 
reduction of amino acid metabolism toxic byproducts [34,37,38]. Metabolic engineering 
to reduce the production of such toxic metabolites has also been used to reduce the 
accumulation of such metabolites. This can become an attractive strategy when 
transitioning from using donor-derived HSCs to stable iPSC cell lines as source of cells 
for cRBC production.

5.4. Bioprocess scale-up
High erythroblast cell densities are required for large scale production of cRBCs. If 
maximum cell densities of 100-200×106 cells/mL reached in CHO cell cultures [39] can 
be also obtained for erythroblasts, a 10-20 L bioreactor would be sufficient to produce 
a single cRBC transfusion unit. However, cultured blood with a specific rare blood 
group phenotype may not be in demand just as a single unit to alleviate anaemia or 
an acute vaso-occlusive crisis in a sickle cell disease patient. The urgent need is also 
in multiple units required for surgery or in obstetrics. If a single transfusion unit can 
be cultured with a bioreactor end-volume of 20 L, we could culture 10 units in 200 L.  
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In Chapter 2, the scale-up of erythroblast proliferation and differentiation cultures 
was evaluated, using 0.5 L and 3 L stirred tank bioreactors. For the larger bioreactors 
required to produce full cRBC transfusion units, mixing and aeration challenges will 
become more relevant than in the lab-scale bioreactors used in this thesis. Additionally, 
efficient cell retention systems for such culture volumes will be required, not only for 
perfusion of the cultures but also for the final harvest of the produced cRBCs.

5.4.1.	 Gas-liquid mass transfer for large scale erythroblast 	
            cultures

The effect of mixing and dissolved oxygen levels on erythroblast proliferation cultures 
described in this thesis suggest a high tolerance of erythroblasts to conditions typically 
considered harsh for mammalian cell cultures: sparging and high stirring speeds. It is 
important to note that bioreactor culture results include an overlap of both sparging 
and stirring speed effects (Chapter 2). To compare the effect of different agitation 
rates or dissolved oxygen levels on erythroblast cultures we need to consider that 
lower gas flow rates are needed at low dissolved oxygen levels to maintain the oxygen 
concentration at the desired setpoint, which in turn results in less contribution of 
bubble rise and burst to the overall shear stress and turbulent conditions to which cells 
are exposed. In a similar manner, at high agitation rates mass transfer is improved, 
resulting in lower gas flow rates needed to maintain dissolved oxygen concentration at 
the same level. Evaluation of the individual effect of both variables on the performance 
of the culture and quality of the cells would require other aeration systems.

Membrane aeration offers an alternative that would allow to decuple aeration from 
the mechanical stress caused by sparging. Although it is not a widely used aeration 
system for cell cultures, membrane aeration is a technique used in other bioprocesses 
in which efficient gas mass transfer is required, such as in wastewater treatment 
(membrane-aerated biofilm reactors; MABR). In these systems, gas flows through a 
membrane system in contact with the culture, either inside the reactor or in an external 
circulation loop. Oxygen diffuses from the gas to the liquid phase, passing through 
the membrane material. This bubbleless gas transfer using membranes would thus 
partially mimic the in vivo gas exchange taking place in the bone marrow, in which an 
oxygen rich phase circulates through the vascular system, transporting oxygen to the 
erythroblastic islands, and removing excess CO2. Preliminary results of erythroblast 
proliferation cultures in 0.5 L bioreactors in which sparging was replaced by aeration 
using a submerged silicone (PDMS) module did not show a significant improvement in 
cell growth (data not shown), suggesting that the mechanical stress caused by sparging 
does not have a detrimental effect on the culture at this scale.
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Accumulation of carbon dioxide is a commonly reported challenge in large scale 
mammalian cell cultures [40]. High CO2 levels are expected in larger reactors: as 
hydrostatic pressure rises due to the increase in liquid height when scaling up, the 
solubility of CO2 increases. An increase in the dissolved CO2 levels caused by the 
metabolism of the cultured cells leads to the acidification of the medium, which must 
be compensated by addition of base to keep the pH of the culture constant, resulting in 
an increase in osmolarity. Hyperosmolar conditions lead to cell shrinkage, decreased 
cell growth, and increase cell apoptosis [41–43]. Negative effects of elevated CO2 levels 
(>150 mmHg, equivalent to ~5 mM dissolved CO2) on cell growth when controlling for 
osmolarity has also been described [44–46]. In the erythroblast bioreactor cultures of 
this study, CO2 accumulation was not an issue (<40 mmHg), and dissolved CO2 levels 
were similar to those in vivo. However, at this scale (AppliFlex 0.5 L, liquid height 
<8 cm; AppliFlex 3 L, liquid height <18 cm), the increase in CO2 solubility due to the 
hydrostatic pressure at the bottom of the reactor is negligible (<2%). Furthermore, we 
used a base-free pH control system for erythroblast bioreactor cultures in which CO2 
was sparged when pH was above the setpoint, accompanied by stripping of excess 
of CO2 by a continuous headspace flow of air. CO2 stripping by headspace aeration 
becomes increasingly challenging at larger reactor volumes, as the top liquid surface 
scales by area. Excess CO2 could be stripped by sparging air into the culture and 
ensuring sufficient gas residence time to saturate gas bubbles with CO2 [47].

5.4.2.	 Mixing challenges

Mixing cultures at large scale is a common problem when scaling up bioprocesses. 
Scale-up of the bioreactors while maintaining a constant mixing time would lead to 
an increase in shear rate to which cells would be exposed in the bioreactor, and very 
large power requirements1. Additionally, the aspect ratio of the reactors is not usually 
maintained when scaling up, as tall reactor vessels are favored at larger scales. In those 
systems, ensuring good mixing is also a challenge [48].

Although high shear rates have traditionally been considered as the cause of decreased 
growth and viability in mammalian cell cultures in stirred tank bioreactors, recent 
research suggests that the local turbulent energy dissipation rate (EDR) is better 
 
 
1 If constant mixing time between scales is chosen to be the scaling parameter, and the bioreactor 
is scaled-up with a geometric factor k (equal to d2/d1; where d1 and d2 are the bioreactor diameters 
at the two scales) while maintaining geometric similarity (i.e. constant h/d, where h is the reactor 
height), the power per volume input required to mix the reactor (P/V; W/m3) would scale with a 
factor of k2, and the impeller tip speed with a factor of k. As it is assumed that impeller tip speed 
is proportional to maximum shear rate, the scale-up would lead to higher shear rates.



Figure 1. CFD-driven analysis of the hydrodynamic conditions to which 
erythroblast are exposed during culture. (A) Liquid velocity profiles in the bioreactor 
are obtained from CFD simulations at defined operating conditions (e.g. agitation speed). 
The shear rate tensor ( ) and the energy dissipation rates (EDR) can be calculated at each 
point in the bioreactor. Using the velocity profiles, individual particles mimicking single 
cells are tracked. (B) The effect of agitation speed on the range of EDR values in the liquid 
can be predicted. (C) The EDR values to which each particle is exposed can be recorded 
along the particle trajectory, resulting in a lifeline. Regime analysis can be performed using 
lifeline data. For this example, a EDR threshold of 10 W/m3 is used to define a high EDR 
regime. (D-E) With sufficient tracked particles and simulation time, statistical analysis 
can be applied to lifeline data to, for example, determine the frequency at which cells 
are exposed to high EDR values (D), and the exposure time to high EDR conditions (E). 

221

General discussion

5

correlated to the effect of hydrodynamic conditions on cell cultures [49–52]. EDR is 
a scalar value (units = W/m3) that quantifies the rate at which the kinetic energy of a 
fluid is converted to heat through eddy formation and viscous forces. Computational 
fluid dynamics (CFD) can facilitate a successful scale up of the system regarding 
mixing and exposure of the cells to hydrodynamic forces (e.g. EDR), by predicting 
the hydrodynamic conditions through the culture volume at the different scales and 
operating conditions (stirring speeds). It also allows to design scale-down experiments 
in which the maximum shear rates and EDR are mimicked in smaller culture systems. 
We followed this approach to chose the agitation conditions in shake flask cell cultures 
that would mimic the shear conditions of the 0.5 L bioreactors used in this thesis [53].

In addition to the determination of the velocity profiles and shear stress distribution 
through the culture volume, more detailed analysis could be performed, tracking the 
hydrodynamic conditions to which individual cells would be exposed while traveling 
through the liquid volume. The use of this “lifeline” analysis has been previously used 
to evaluate the exposure of cells to nutrient concentrations in stirred bioreactors with 
nutrient gradients [54]. Preliminary results of following this approach using CFD 
simulations of the 0.5 L and 3 L bioreactors used in this thesis allowed us to quantify 
not only the magnitude of the shear stress or EDR to which individual cells would be 
exposed at each bioreactor scale, but also the frequency and duration of those events 
(Figure 1). We expect this data can be used to design scale-down experimental set-
ups that allow to study the physiological effects of intermittent exposure to high EDR 
values that erythroblast would experience at large scale bioreactors.
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Figure 1.
(See caption on previous page)
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5.4.3.	 Intensifying process productivity

Perfusion approaches allow for high cell densities and productivities, while opening the 
door to continuous manufacturing bioprocesses [39,55,56]. Furthermore, it allows for a 
more stable extracellular environment for the cells [57–59]. In this thesis we developed 
a perfusion process using an acoustic cell retention device and a constant cell-specific 
perfusion rate (CSPR; 500 pL/cell/day) approach (Chapter 2). For the target 20 L culture 
with a cell concentration of 100×106 cells/mL, this would result in a maximum perfusion 
rate of 1000 L/day, corresponding to 50 full media vessel refreshments daily. However, 
this large perfusion rate is consequence of the conservative CSPR value chosen for the 
perfusion culture (mimicking the same ratio of media refreshment that is performed in 
repeated batch cultures in dishes), and could be significantly decreased: CSPRs of 50-
80 pL/cell/day are often used in high cell density CHO perfusion cultures. With such 
CSPR values, a maximum perfusion rate of 100-160 L/day (5-8 full refreshments per 
day) would be required. As depletion of essential nutrients seems to be the main cause 
for the decrease in erythroblast growth, further reduction of the perfusion rates could 
be achieved by increasing the concentration of limiting nutrients in the feed medium.
 

Increase of the overall productivity of the cRBC production process will also require 
the implementation of perfusion in the differentiation culture stage: with the current 
cell concentration used in batch differentiation cultures (10×106 cells/mL), a 10 L 
proliferation perfusion culture reaching cell densities of 100×106 cells/mL would 
require a 100 L differentiation bioreactor. In this study we did not evaluate the use of 
perfusion for differentiation. Implementation of perfusion in differentiation will also 
require the determination of optimal perfusion rates. Due to the expected changes in 
metabolic requirements during erythroblast maturation, further optimization could be 
achieved using variable perfusion rates during the differentiation culture. Preliminary 
metabolomics data of erythroblast differentiation cultures indicate that most changes in 
the exometabolome take place in the first 2 days of culture (data not shown), suggesting 
that high perfusion rates would only be required in that time interval, potentially 
followed by batch or fed-batch for the remaining 8-10 days of culture. The use of inline cell 
density and metabolite measurements to actively control the perfusion rate maintaining 
a constant CSPR will be key to develop robust erythroblast perfusion cultures.

In this study, an acoustic filter for cell retention was used for erythroblast perfusion 
cultures. Although similar systems have been used in 100 L perfusion bioreactors with 
permeate flows of up to 400 L/day, reaching high separation efficiencies (>95%) with 
flow rates >200 L/day is challenging [60]. Furthermore, cells can be exposed to large 
temperature gradients (>7 °C) when circulating through the separation chamber, which 
could lead to a decline in viability [61]. Thus, other cell retention devices should be 
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considered for further scale up of erythroid perfusion cultures. External microfiltration 
system through which the cell culture is circulated could be used, in either a tangential 
flow filtration (TFF) or alternating flow filtration (ATF) configuration. Very high cell 
densities (>200×106 cells/mL) have been reached with both set-ups [62]. Implementation 
of TFF or ATF systems in erythroblast cultures would first require an evaluation of the 
effect of the hydrodynamic stresses caused by pumping and the circulation through the 
hollow fiber filters. 

By using a perfusion system with a microfiltration membrane of small pore size (e.g. 
0.2 µm) for cell retention, it would be possible to obtain a cell-free permeate stream that 
could be further processed to recover unused components in the medium. For example, 
remaining proteins like growth factors or albumin could be recovered and reused for 
the preparation of fresh feed medium. Alternatively, the complete permeate could be 
further processed to remove inhibitory metabolic byproducts (e.g. lactate and ammonia 
using zeolites as adsorbents; [63,64]), supplemented with nutrients that were depleted 
or degraded during culture, and recirculated back to the reactor to be used as feed. 
Bleeding of the perfusion culture would be necessary to avoid excessive accumulation 
of cell debris and inhibitors not removed in the external media processing loop.

5.4.4.	 Intermediate and final harvest of cultured cells

In current erythroid protocols, two cell harvesting steps are needed: (i) a first 
intermediate harvest in which immature erythroblasts cultured under expansion 
conditions are harvested, washed, and resuspended in differentiation medium, and  
(ii) a final harvest in which reticulocytes are collected, and separated from pyrenocytes 
(egressed membrane-wrapped nuclei) and any remaining nucleated cells. For both 
stages, a scalable harvesting system with low cell losses is required.

For efficient erythroblast differentiation, erythroblasts must be washed to remove 
growth factors present in proliferation medium. Traces of dexamethasone (Dex) and 
hSCF negatively affect the enucleation efficiency of the differentiation culture. A 
potential advantage of using perfusion for the differentiation culture is that it could 
eliminate this first harvesting step: by continuous perfusion of differentiation medium, 
hSCF and Dex would be washed out (at a perfusion rate of 1 working volume per day, 
the concentration of both growth factors should have decreased by 63% and 95% after 
24h and 72h, respectively).

Use of cRBCs for therapeutic purposes requires the removal of pyrenocytes, especially 
for the case of allogeneic cRBC transfusion. Thus, the final cell harvesting step must 
ensure a high selectivity of reticulocytes over pyrenocytes. Although pyrenocytes 
are more dense (typical relative density of cytoplasm vs. nuclei in mammalian cells 
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is ~0.9; [65]), smaller (reticulocytes: 7.0-8.0 µm; pyrenocytes: and 5.5-6.5 µm;[66]), and 
less flexible than reticulocytes, neither centrifugation nor microfiltration techniques 
resulted in sufficient levels of pyrenocyte removal while maintaining high reticulocyte 
recovery yields. Leukocyte depletion filters reduce reticulocyte numbers in fresh blood 
and result in large losses of reticulocytes during purification of cRBC [7]. Thus, other 
reticulocyte purification strategies are needed. Inertial microfluidic devices have been 
recently developed to separate nuclei from reticulocytes, taking advantage of the 
deformability differences between both particles [67]. Scale-out approaches, dividing 
the total culture broth in multiple microfluidic chips operated in parallel, could offer a 
solution for the large liquid throughput required when scaling up cRBC production [68].

5.4.5.	 HSC cultures in stirred bioreactors: the missing piece

Although this research focused on the scale-up of erythroblast proliferation and 
differentiation cultures, the first culture stage of all erythroid cultures in which HSCs 
are expanded and committed to the erythroid lineage must also be scaled-up. For this 
thesis, HSC cultures for all experiments were performed under static conditions in 
culture dishes using PBMCs as starting material, with a single 300 mL erythroblast 
proliferation bioreactor culture often requiring more than twenty 10 cm culture 
dishes as inoculum source. Transferring HSC cultures to stirred bioreactors will be 
challenging due to potential effects on proliferation and fate determination caused 
by the hydrodynamic stresses of agitation [69]. If PBMCs are maintained as source 
of HSCs, the effect of turbulence on the different cell populations in the PBMC pool 
must be also considered, as erythroid-supporting macrophages known to increase the 
erythroid yield in this first culture stage may show a different sensitivity to turbulent 
conditions than that reported for erythroblasts in this thesis.

Induced pluripotent stem cells (iPSCs) or immortalized erythroid progenitor cell 
lines have been proposed as alternative cell source for cRBC production, opening 
the opportunity to move away from cell sources limited by donor availability, such 
as peripheral blood or cord blood [70]. Novel bioreactor designs with reduced shear 
stress and turbulence have been proposed for iPSC cultures, including vertical-wheel 
stirred bioreactors or fluidized bed systems using microcarriers to which stem cells can 
attach [71,72]. The scalability of such systems to support the efficient proliferation of 
iPSCs, the formation of embryoid bodies from the cultured iPSCs, and the subsequent 
commitment to the erythroid lineage must be evaluated. It is important to note that 
protocols for the establishment of erythroid cultures using cell lines, including iPSCs, 
require extra culture stages, including the culture of somatic cells, their reprogramming 
to a pluripotent state, the proliferation of the iPSCS, and the differentiation to HSCs. 
Extra growth factors and cytokines will be required for these protocols, adding to the 
cost of the process. 
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5.5. Conclusion

Production of transfusion-ready cRBCs at scale can help to address some of the 
limitations of current donation-dependent systems, especially for cases in which RBCs 
with specific or rare blood groups difficult to find in the donor pool are required. In 
this research, we have developed solutions that tackle some of the key challenges in 
the scaling up of cRBC manufacture. This was achieved through experimental and 
computational approaches, in different culture systems, from culture dishes to stirred 
bioreactors, and at multiple culture scales. Further scale-up of the process will require 
more research in the areas highlighted in this chapter. For this, a multidisciplinary 
approach will be required, in which cell biology and bioprocess engineering knowledge 
is used to define optimal operating parameters for the scaled-up process, further reduce 
media costs, and improve the productivity of the culture. 
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