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The research presented in this thesis concerns the identification, phenotypic analysis and role of 

human tissue resident macrophages as support cells during erythropoiesis. Unraveling the mech-

anisms through which macrophages drive erythroid expansion and differentiation is important not 

only to understand the normal processes involved in erythropoiesis, but also to start understand-

ing specific erythroid pathologies in which support cells play an important but ill-defined role (e.g., 

myelodysplastic syndrome, polycythemia vera and beta-thalassemia). In addition, this data could 

be used to design and optimize new model systems to study interactions between erythroid cells 

and macrophages and to optimize current in vitro erythropoiesis protocols with the aim to produce 

transfusion-ready red cells, the Holy Grail of transfusion medicine.

Support of hematopoietic stem and progenitor cells

In this thesis, we demonstrated in chapter 2 that during the expansion phase of erythroblast cultures 

from peripheral blood mononuclear cells (PBMC) containing StemSpan supplemented with erythro-

poietin (EPO), SCF, and dexamethasone, CD14+ cells present in PBMC increase the erythroblast yield. 

This research was initiated by our previous finding that the erythroid yield from total PBMC is 10-15 

fold higher compared to CD34+ cells isolated from the same amount of PBMC1. The data of chapter 2 

and chapter 4 showed that CD14+ cells have a supportive function during in vitro erythropoiesis. Our 

novel flow cytometry tool based on lineage depletion (CD3/CD14/CD19; Lin-) and the expression of 

CD34 and CD36 described in chapter 2 allows for easy tracking of erythroid commitment from CD34+ 

hematopoietic stem and progenitor cells (HSPC) and sorting/isolating of specific stages during differ-

entiation from HSPC to erythroblasts. The data suggests that CD14+ cells do not promote erythroid 

expansion, but increase both CD34+CD36- HSPC and CD34+CD36+ megakaryocyte-erythroid progen-

itor (MEP) cell numbers through cell survival and thereby increase the erythroid yield. CD14+ cells are 

a heterogeneous population consisting of classical, intermediate and non-classical monocytes based 

on the expression of CD14 and CD162. In chapter 2 we showed that in particular the intermediate 

monocytes (CD14++CD16+) increase the erythroid yield. Not only the erythroid yield from PBMC was 

increased, but CD14+ cells also positively affect CD34+ cells from human bone marrow and cord blood, 

although to a lower extent, which might be caused by inter-donor variabilities. CD169+ macrophages 

are in close proximity to HSPC and retain HSPC within that specific niche3. Besides this function and 

given the data in chapter 2, CD14+ cells in the bone marrow could also affect HSPC survival in vivo. 

In addition, both HSPC and MEP were increased upon co-culturing with CD14+ cells, which suggests 

that other lineages, in particular megakaryocyte cultures, but also stem cell expansion protocols could 

benefit from co-cultures with CD14+ cells during the first days of culture. Because CD34+ cell survival 

does not rely on cell-cell contact but on factors that are secreted by CD14+ cells, we have tested the 

effect of IL10 as a usual tissue resident macrophage secreted interleukin suspect on HSPC expansion 

and survival by adding IL10 to CD34+ cells. However, no positive or negative effect was observed. 

Because it was unknown what other survival factors are secreted by CD14+ cells, proteomic analyses 

were performed on CD14+ monocytes supernatant of two donors cultured for 24 hours. From this 

data we identified two interesting candidates: a ligand for IL33R, IL33, which modulates migration 
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of hematopoietic stem cells (HSC)4, 5 and IL31, which has been shown to enhance HSPC survival in 

mouse bone marrow6. In future, these mass spectrometry experiments should be repeated, using 

supernatant of CD14+ cells cultured for two to three days. 

Alternatively, CD34+ cells could be cultured in fractionated conditioned medium and tested on CD34+ 

cell survival, which limits the potential candidates from mass spectrometry. The effect of potential can-

didates identified in this screen should then be tested by adding these factors to CD34+ cell cultures 

and/or using neutralizing antibodies while co-culturing CD34+ cells with CD14+ cells. Identification of 

these factors allows for proper use in culture protocols for various lineages and could give hints to 

underlying mechanisms of CD14+ cells on HSPC to better understand HSPC survival in the hemato-

poietic niche. Several potential candidates for HSPC survival have been reported, such as IL3, IL6, IL7, 

IL11, FLT3L, TPO7-9. However, it is unknown if these candidates are secreted by our cultured cells, as 

we did not identify these proteins in our preliminary proteomic analysis of CD14+ cell supernatant. 

Interestingly, recently published data on monocyte subsets report that the intermediate subtype 

may be transitional monocytes that display the phagocytic features of the classical monocytes and 

the inflammatory characteristics of the non-classical monocytes10. These cells give the support to 

hematopoietic cells as observed in this thesis and secrete TNF-a, IL-1B, IL6, IL8, and IL10 according 

to others11-13. Although identification of unique specific growth factors, interleukins and chemokines 

is important, the mode of action on hematopoietic cells will probably be a combination of several 

agents and may be dependent on the differentiation stage of HSPC, making assignments of specific 

growth factors to the observed biological effects a complex matter.

Interestingly, we also showed in chapter 2 that there is residual erythroid potential in CD34- cells from 

PBMC (population E, which is also Lin-), probably because PBMC contain CD34- HSC, as has previously 

been shown in cord blood14. Within the CD34- population, particular cells have the capacity to develop 

into CD34+ cells within two days of culture and will further develop into erythroblasts1. Bhatia et al. 

already showed in 1998 that Lin-CD34- cells are capable of long-term repopulation in severe combined 

immunodeficiency (SCID) mice to multiple lineages and are therefore thought to be the most imma-

ture HSC in humans, also called SCID-repopulating cells (SRC)15. It is believed that these CD34- HSC 

that are negative for HLA-DR, FLT3 and KIT, but positive for CD133 and GPI-80 can be mobilized by 

G-CSF treatment in a similar fashion to G-CSF mobilized CD34+ cells15-19, which is in agreement with our 

unpublished data that showed the presence of CD34-CD133+ cells in PBMC. In order to further opti-

mize the erythroid cultures, it would be interesting to examine the role of CD14+ cells on CD34- HSC 

and investigate if CD14+ cells could also affect CD34- cell survival or support differentiation towards 

CD34+ HSC. Although CD34+ cell cultures are stroma-independent, human Lin-CD34- cord blood or 

bone marrow-derived cells could only been maintained in bone marrow stroma-dependent cultures 

(i.e. HESS-5 cell lines) in which the cells gained the ability to form colonies while expression of CD34 

was acquired. This indicates that the microenvironment including macrophages may give cues that 

affect CD34- HSC20-23. Preliminary data was obtained on erythroid cultures from PBMC, PBMC depleted 
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for CD34 (CD34-) or PBMC depleted for both CD34 and CD14 (CD34-CD14-). Erythroblast outgrowth 

after 13 days of culture from CD34- cells was extremely low compared to total PBMC (4.5 to 16-fold 

reduction in erythroblasts from CD34- cells). In addition, after 13 days of culture, CD34-CD14- cells do 

hardly form erythroblasts compared to CD34- cells of the same donor (4-fold reduction). This suggests 

that CD14+ cells also positively influence the erythroid yield from CD34- cells or indirectly affect CD34+ 

cells that develop from the CD34- cell population, which should be further investigated by short-term 

cultures of two days. In conclusion, the data in chapter 2 showed that CD14+ cells increase CD34+ cell 

survival and thereby increase the erythroid yield, however, it is unclear if the erythroid yield could be 

further increased by a supportive role of CD14+ cells on CD34- cells that are also present in PBMC.

Upon culturing, we noticed that purified monocytes cultured in erythroblast expansion medium differ-

entiate towards tissue resident cells expressing CD14, CD16, CD163, CD169, CD206, and CXCR4 within 

two to three days. Although we recently exchanged StemSpan for  a serum/plasma-free GMP-grade 

medium for erythroid cultures in chapter 3, this did not affect the phenotype and function of these 

macrophages. Co-expression of CD169 on cultured CD14+ cells suggests that these cells might have 

a dual role within the hematopoietic stem cell niche, as the CD169+ macrophages described by Chow 

et al. are important for HSPC retention in the bone marrow3. However, this paper was focused on HSC 

migration, and therefore no data on HSC survival rates in the bone marrow after CD169+ macrophage 

ablation was obtained and remains to be investigated. Together, these data suggest that after trans-

plantation, CD14+ cells may be beneficial for the survival and retention of CD34+ HSPC in the bone 

marrow. Interfering with macrophage functionality in the bone marrow to increase HSC mobilization 

may produce a negative side effect on the survival of progenitors in the hematopoietic niche. If HSPC 

survival is regulated by macrophages in vivo, this adds additional functionality to the already known 

retention signals from CD169+ macrophages in the bone marrow, which are dependent on cell-cell 

contact through VCAM13. Recently, it has been shown that HSC retention in the spleen of mice with 

stress-induced erythropoiesis also occurs via VCAM1 on macrophages24. In chapter 4 and chapter 

5 we showed that bone marrow macrophages consists of a heterogeneous pool, while macrophages 

in the fetal liver are homogeneous. Isolating these two macrophage populations to assay their surviv-

al-inducing potential on CD34+ cells will be instrumental to examine if these functions are performed 

by the same or different macrophages. In addition, more research is needed to investigate if these 

two effects (survival and maintenance) can be functionally separated, maybe through understanding 

the transcriptional regulation of the secreted factors and the adhesion molecules that have been 

shown to be important in erythroblastic island formation.

Ex vivo and in vitro erythroblastic island macrophages

In our culture system the synthetic glucocorticoid dexamethasone is present to inhibit erythroblast 

differentiation. During systemic decreases in oxygen pressure due to stress or high altitudes, the 

erythroid system has a fast response in order to increase erythroid output by increasing EPO and 

glucocorticoid levels25-28. In chapter 4 we have shown that glucocorticoids have a clear effect on 
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monocyte differentiation. Whether the addition of dexamethasone is also involved in the survival 

of HSPC mediated by the soluble factor(s) secreted from the monocytes during the first days of 

the culture still needs to be investigated. Phenotypically, these cells remain CD14+CD16+CD163+C-

D169+CD206+CXCR4+ macrophages suggesting that dexamethasone is primarily involved in the first 

steps of monocyte differentiation towards these specific supportive macrophages (GC-macrophages). 

Proteomic analysis showed that GC-macrophages have an anti-inflammatory phenotype and are 

distinct from the cells that were cultured in the absence of dexamethasone, which showed a more 

pro-inflammatory profile. Furthermore, GC-macrophages shared the majority of their proteome 

with human bone marrow and fetal liver macrophages as shown in chapter 5. We hypothesized 

that elevated glucocorticoid levels may increase the number of erythroblastic island macrophages 

during stress-induced erythropoiesis as a result of directed differentiation of monocyte populations 

to regulate the increased erythroid output. Indeed, we show in chapter 4 that GC-macrophages bind 

cultured erythroblasts and reticulocytes, and phagocytose the expelled erythroid nuclei and thereby 

share phenotypical and functional characteristics with central macrophages in erythroblastic islands. 

Falchi et al. already reported in 2015 that human CD34-derived erythroid cultures containing gluco-

corticoids contained a very small population (1-3%) of macrophages29. These CD163+ macrophages 

were highly motile and showed interactions with erythroblasts as we also observed in CD14-derived 

macrophages in chapter 4. In addition, these CD34-derived macrophages shared morphological 

features with GC-macrophages. Interestingly, although we culture a homogeneous population of 

CD169+ macrophages, Falchi et al. identified a CD169- macrophage population that established tight 

interactions with erythroid cells, while the CD169+ macrophages have multiple rapid loose interactions 

and promote erythroblast proliferation. Because this study used CD34+ cells as starting material 

instead of CD14+ cells and they cultured the cells with an additional supplement (IL-3), it is unclear if 

these CD169+ macrophage populations are similar to GC-macrophages30, 31.

In mice, it has been shown that in steady-state hematopoiesis erythroid-macrophage support is 

occurring via VCAM1, whereas Ulyanova et al. observed that Vcam1-/- mice do not display a compro-

mised erythroid stress response in the spleen and bone marrow, despite significantly lower absolute 

levels of macrophages in the spleen32. This fits the notion that macrophages themselves may not 

be necessary for the proliferation and differentiation during erythropoiesis upon optimal growth 

factors (increased EPO and glucocorticoid levels during anemic situations), which we also observe in 

our cultures. In addition, another group reported that Spi-c-/- mice had decreased VCAM1 expressing 

macrophages, however, erythropoiesis was normal at steady-state conditions32. Interestingly, our data 

in chapter 5 showed that VCAM1 was only identified in fetal liver and bone marrow macrophages 

and not in GC-macrophages, although we showed in chapter 4 that very low levels of VCAM1 were 

detected by flow cytometry on GC-macrophages. This suggests that erythroblast interactions may 

also occur VCAM1-independent. Whether another interaction like EMP, which was only identified in 

GC-macrophages, substitutes for VCAM1 would need to be determined. Although GC-macrophages 

have increased erythroid binding capacity, bind more erythroblasts per macrophage, have more 
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interaction with different stages of erythroblasts in particular reticulocytes, and bind and phagocytose 

pyrenocytes compared to cells that were not cultured in the presence of dexamethasone, future 

studies should include cultures in suboptimal conditions with reduced growth factors levels. Because 

of non-limiting growth factors in vitro, erythroid expansion occurs efficiently and independently of 

macrophages, as showed in this thesis and previous work1, 33, 34. In vivo erythropoiesis is suboptimal 

and hence niche cells, together with systemic increases in growth factor concentrations (e.g., EPO and 

glucocorticoids), can provide a regulatory axis to quickly increase the erythroid output in response 

to stress. This may explain why co-cultures of erythroblasts with CD14+ cells in EPO, SCF and dexa-

methasone had no additional effect on erythroid expansion compared to erythroblast cultures in 

the absence of CD14+ cells (chapter 2). We hypothesize that reducing EPO levels in the cultures may 

positively affect erythroblast proliferation upon co-culture with GC-macrophages. However, GC-mac-

rophages may also produce EPO. Fetal liver macrophages in preterm infants are the primary source 

of EPO35 and as we show in chapter 5, GC-macrophages share many characteristics with fetal liver 

macrophages. Indeed, preliminary data showed that EPO was identified in CD14+ monocyte super-

natant after 24 hours of culture, however, no additional proteomics was performed on supernatant 

from GC-macrophages. In addition, removing all supplements from the medium could change the 

phenotype and function of GC-macrophages and results would thus be difficult to interpret. Mac-

rophages may still provide ill-defined nuances to erythropoiesis that are currently not implemented 

during in vitro cultures.

In chapter 4 we showed that both macrophages and erythroblasts express several adhesion mole-

cules that are described to be involved in erythroblast-macrophage binding. Further research into the 

last stage of erythroid maturation could identify which interactions are essential for erythroid support 

and which molecular mechanisms are involved, by using neutralizing antibodies against the adhesion 

molecules on GC-macrophages or their ligands on erythroid cells. Knowledge about erythroid-mac-

rophage interactions could then be used to further optimize erythrocyte cultures, e.g., by coating 

culture dishes with specific integrins that support erythroid maturation or enucleation. Besides a role 

for macrophages in erythroid binding, erythroblastic island macrophages are also known to bind and 

phagocytose the expelled erythroid nuclei, the pyrenocyte. Enucleation normally takes place in the 

adult bone marrow where central macrophages immediately phagocytose pyrenocytes via MERTK in 

mice36. In the same chapter, we showed that GC-macrophages not only express the TAM-family recep-

tors, but also other phagocytosing-associated receptors, which suggests that GC-macrophages have 

the correct machinery to recognize and actively phagocytose pyrenocytes. Interestingly, the data in 

chapter 5 showed that MERTK was present in all GC-macrophages, but was not identified in erythro-

blastic island macrophages in the bone marrow and only found in some fetal liver macrophages (1 out 

of 3 donors). In addition, TIMD4 and another TAM-family member AXL were restricted to erythroblastic 

island macrophages in the fetal liver and bone marrow. Taken together, the exact mechanism(s) 

through which macrophages recognize erythroid cells but phagocytose pyrenocytes are ill-defined in 

human erythropoiesis and should be further studied in detail. We showed in chapter 4 that especially 
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MERTK expression is reduced by glucocorticoid receptor inhibition through mifepristone treatment. 

In order to investigate the role of TAM-receptors (in particular MERTK) in phagocytosis of pyrenocytes 

by macrophages, co-cultures of erythroid cells and GC-macrophages could be supplemented with 

mifepristone. Preliminary data already revealed that erythroid-macrophages clusters are reduced 

upon mifepristone treatment. Mifepristone has also been used in the clinic for various purposes, 

e.g., abortion pill or treatment for uterine myoma37, 38. It would be interesting to see if this treatment 

affects the amount or phenotype of bone marrow macrophages and specifically within erythroblastic 

islands. In addition, patients with MERTK mutations have been associated with phagocytic-dependent 

diseases, such as retinitis pigmentosa and autoimmune disorders like systemic lupus erythematosus 

(SLE)39-41. Patients with SLE had reduced MERTK expressing CD14+CD16+ cells and because CD163 

expression is positively correlated with MERTK expression, these cells have reduced expression of 

CD163. Furthermore, several groups reported increased serum levels of soluble MERTK and AXL in 

lupus patients, which suggests that increased soluble TAM-receptors reflect decreased expression 

of these receptors on the cell membrane41-43. Interestingly, pyrenocytes have never been found in 

peripheral blood or bone marrow in human individuals. This strengthens the hypothesis that macro-

phages have multiple mechanisms to phagocytose these highly immunogenic pyrenocytes, as defects 

in clearance of pyrenocytes in both mouse (by triple TAM-receptor KO) and human is supposedly 

detrimental to the body. 

In chapter 3 we discussed the possibility of using human induced pluripotent stem cells (hIPSC) or 

immortalized cell lines like HUDEP, HIDEP and BEL-A, as starting material to produce in vitro eryth-

rocytes for transfusion. However, erythroid cells derived from this material display low enucleation 

rates44-46. In contrast, erythroid cells derived from CD34+ cells or PBMC have >90% enucleation, 

independently of macrophages. Nevertheless, the addition of bone marrow macrophages or GC-mac-

rophages to these cultures may still be beneficial for reticulocyte stability. Merryweather-Clarke et 

al. reported that erythroid cells from hIPSC follow an embryonic or primitive program (e.g., high 

expression of HBA, HBZ, ARID3A and low expression of SOX6, MYB, BCL11A), and thus macrophages 

could indeed play a supporting role in enucleation47. Studies by Douays group showed that nucle-

ated hIPSC-derived erythroid cells undergo enucleation upon injection into mice48-50. However, these 

experiments have never been reproduced and it is unknown where enucleation takes place after 

transfusion. It is therefore crucial to know what drives erythroid cell enucleation and via which mech-

anisms pyrenocytes are cleared from the system. Interestingly, we noticed in chapter 4 that the 

nuclei within erythroid cells all polarize towards the GC-macrophages. Understanding this polarity 

may also be important to increase the enucleation rate of erythroid cultures from immortalized cell 

lines. Erythroblast enucleation requires PI3K-dependent cell polarization, resulting in highly localized 

phospholipids PtdIns(3,4)P2 and PtdIns(3,4,5)P3 at the cytoplasmic side of the plasma membrane. 

However, this process occurs independent of macrophages51. Whether a polarized lipid composi-

tion contributes to the specific alignment of erythroid cells and whether this is further regulated by 

macrophages remains to be determined. Moreover, nuclei polarization has been reported to be 
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TRIM58 dependent52. TRIM58 is a E3 ubiquitin ligase superfamily member transcriptionally activated 

by GATA1 prior to enucleation in mice. It has been linked to human erythrocyte traits53-55 and regulates 

polarization and extrusion of mouse erythroblast nuclei in vitro via dynein and kinesins. However, 

Thom et al. showed that TRIM58 does not affect erythroblast proliferation, survival, hemoglobiniza-

tion and expression of erythroid markers52. In addition, this group proposed that purification of CC1 

protein could disengage aberrantly retained dynein from the nucleus of TRIM58 KO erythroblasts 

and thereby may rescue enucleation (unpublished data by Thom et al.). More research is required 

to investigate if TRIM58 or KIF5B also plays a role in human terminal differentiation and if the use 

of GC-macrophages could support terminal differentiation. The work in this chapter provides an 

excellent accessible human model system to understand how macrophages promote erythroid cells 

during all stages of erythropoiesis.

In vivo, macrophages are important in regulating erythropoiesis both in adults and during develop-

ment, however, molecular markers that discriminate the different macrophage populations from 

fetal liver and bone marrow are ill-defined, making isolation and further study difficult. In chapter 4  

we performed a phenotypical comparison between GC-macrophages and CD163+ macrophages iso-

lated from bone marrow and fetal liver and in chapter 5 we compared the proteome of these three 

erythroblastic island macrophage populations. For the first time, we show that erythroblastic island 

macrophages from human fetal liver and bone marrow share a highly similar proteomic profile with 

cultured monocyte-derived GC-macrophages. This raises the question if glucocorticoid treatment 

not only increases erythroblast expansion in the bone marrow, but also increases the number of 

erythroblastic island macrophages and thereby affect the erythroid yield. Indeed, Ulyanova et al. 

showed that upon stress erythropoiesis in mice the number of splenic macrophages were increased. 

However, there was no effect on macrophage numbers in the bone marrow32. In addition, it should 

be investigated if glucocorticoids are required for central macrophage differentiation using gluco-

corticoid receptor (GR) knockout or Grdim/dim mice. For decades it was believed that all macrophages 

originate from monocytes56. However, recent studies showed that most resident macrophages are 

maintained independently of monocytes as lung, splenic red pulp, peritoneum, and bone marrow 

tissue resident macrophages rely on self-renewal in steady-state conditions57. Contradictory results 

have been shown by Landsman et al. who showed that in lungs adoptively transferred monocytes 

contribute to and replace lung macrophages after depletion58, 59. In addition, Theurl et al. showed 

an on-demand mechanism that allows for a fast but transient increase of Kupffer-like cells that are 

derived from classical monocytes60. This opens up a whole new scenario through which specific 

macrophages originate from different sources depending on the need of a specific tissue or process. 

It also raises many questions about the role of fetal liver macrophages after birth, will they differen-

tiate towards Kupffer cells, do they undergo apoptosis, or do they migrate to the bone marrow and 

maintain their function as central macrophages in erythroblastic islands? In addition, the transient 

monocyte differentiation to supplement existing tissue resident pools of macrophages may also be 

present in other tissues in response to stress, which could explain why GC-macrophages derived 
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from monocytes could phenotypically and functionally resemble resident macrophages from the 

bone marrow or fetal liver when mimicking stress erythropoiesis by the presence of glucocorticoids. 

Glucocorticoid treatment of patients with autoimmune uveitis is associated with an enrichment of 

CD14++CD16+ intermediate monocytes, however, endogenous glucocorticoid production may also 

affect the treatment itself61. Specific red cell diseases have been described to be associated with 

glucocorticoid signaling. Cushing’s syndrome is characterized by increased glucocorticoid levels and 

erythrocytosis62, while Diamond-Blackfan anemia patients are treated with glucocorticoids to alleviate 

their anemia63, 64. In addition, it has been shown that erythroblasts from polycythemia vera patients 

that are characterized by erythrocytosis have a specific isoform of the glucocorticoid receptor (GR-β), 

which is less responsive to glucocorticoids65. This suggests that glucocorticoids may also increase 

erythrocyte numbers by increased erythroblastic islands and not only by erythroblast expansion.

In chapter 4 and chapter 5 we showed that CD163+ bone marrow macrophages are a heteroge-

neous population containing CD163dim and CD163high cells. Although purification by MACS isolation 

enriched for CD163high macrophages, proteomic analysis data in chapter 5 showed that the correla-

tion between all bone marrow donors was lower compared to macrophages from the fetal liver or 

cultured GC-macrophages. On the other hand, a single CD163+ macrophage population was observed 

in fetal liver, and this population shared 83% of the identified proteins with CD163high macrophages 

from the bone marrow. Previous studies reported heterogeneity in bone marrow macrophages66, 67 

and our preliminary data indicate that CD163dim macrophages are more immature and do not express 

tissue resident markers like VCAM1. Differences in marker expression of macrophages derived from 

both organs observed in chapter 4 could thus be due to the heterogeneity in the bone marrow 

population. Although the fetal liver is primarily performing erythropoiesis at week 9-24 of embryonic 

development, it would be interesting to analyze fetal liver material <9 weeks in order to see when 

CD163+ macrophages first arise during development and how this relates to erythroid development. 

A study by Slayton et al. showed that already after 5 to 6 weeks after conception, human CD68+ 

macrophages are found in the fetal liver parenchyma and hepatic sinusoids68, while the first HSC 

arise in the aorta-gonad-mesophrenos (AGM) region around week 4 post conception. This indicates 

that fetal liver macrophages could be derived from HSC and/or from the yolk sac, even though flow 

cytometry data in chapter 4 clearly showed a homogeneous macrophage population in the fetal liver 

between week 15 and 22 of development. An important question that remains is how we should 

characterize and discriminate between macrophages. The discrimination of M1 and M2 macrophages 

is outdated as many studies showed that there are many macrophage subsets. Indeed, a proteomic 

study by Brown et al. showed that the majority of the proteome between LPS- or IFNγ-induced M1 

macrophages is similar, although the specific macrophage function is clearly different69. The majority 

of proteins that were restricted to LPS- or IFNγ-induced M1 macrophages in this study were even 

identified in our proteomics data of erythroblastic island macrophages in chapter 5, while CD163+ 

bone marrow, fetal liver and GC-macrophages all have a M2 profile. This makes the identification and 

discrimination of macrophage subsets even more complex. It is therefore difficult to say what defines 
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a macrophage subset. Macrophage polarization may be a gradual process, because macrophages 

easily adapt to their microenvironment and change their functionality based on the need. Single cell 

RNA-sequencing might discriminate between different origin of macrophages and may give new cues 

on how to discriminate between the different subsets.

From in vitro red cell generation to a transfusion product 

Protocols to culture red blood cells for transfusion purposes have been existing for a long time, 

however, current attempts were still hampered by a low yield and incomplete differentiation to fully 

biconcave erythrocytes70-78. The majority of the existing large-scale red blood cell cultures uses CD34+ 

cells derived from PBMC, cord blood or bone marrow79, while a minority uses PBMC as starting mate-

rial. It has been shown that the erythroid yield from PBMC is 10-15 increased compared to CD34+ 

cells1. Furthermore, some culture systems use glucocorticoids to induce erythroblasts to proliferate 

whilst inhibiting differentiation, which has been shown over the last years in the group of Beug, von 

Lindern, van den Akker and Migliaccio and others1, 33, 34, 80-82. In 2010, Migliaccio et al. showed massive 

expansion of PBMC-derived erythroblasts using SCF, EPO, IL3 and dexamethasone or estradiol in 

serum-free culture conditions81. However, only few large-scale cell studies use glucocorticoids with-

out the addition of serum and/or plasma, which directly differentiates erythroblasts and negates the 

effect of glucocorticoids as shown in chapter 3. In 2002, the group of Douay reported the use of 

cord blood-derived CD34+ for erythroid cultures using serum-free medium with BSA, ferric nitrate, 

transferrin, insulin, lipids, hydrocortisone and additional supplements during culture (e.g., day 0-7: 

FLT3, TPO, SCF; day 8-14: SCF, EPO, IGF1; day 15-22: EPO, IGF1). However, only 4% of these cells 

enucleated after 17 days and they mainly expressed fetal hemoglobin48. The same group optimized 

their protocol for CD34+ cells in 2005, by adding EPO and plasma during the entire culture, and IL3 

during the first days of culture and removing FLT3 and TPO from the culture system. In addition, only 

during the expansion phase hydrocortisone was used. Subsequently, cells were co-cultured with 

stromal cells (e.g., mouse MS5 or human MSC) towards 90-100% enucleated reticulocytes without 

the addition of additional cytokines, whereas only 2% enucleation was observed in the absence of 

stromal cells83. Other studies also used stromal cell lines to culture red blood cells ex vivo84-86, however, 

these methods are not feasible for routine red blood cell production. In 2011, the group of Douay 

adapted their previously published protocol and reported that they could generate 68% enucleated 

reticulocytes without stromal support. Interestingly, they were the first to report in-human blood 

transfusion of around 14mL  of cultured red blood cells (theoretically their cultures yield 3.6-27mL 

of packed red cells per 10.000 CD34+ cells)87. However, the culture system described by this group is 

also not feasible for large-scale red cell production, as it contains plasma and uses CD34+ cells after 

G-CSF mobilization as starting material. A study by Griffiths et al. showed that 5mL of packed enucle-

ated red blood cells could be generated from PBMC-derived CD34+ cells albeit serum and/or plasma 

was needed during these cultures88. Recently, the same group showed that under GMP conditions 

but still including serum, CD34+ cells derived from both PBMC and cord blood could be cultured and 

differentiated (>105 amplification) towards 60-63% enucleated reticulocytes, yielding around 10mL 
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of packed red cells after filtering89. Another recent study by Zhang et al. optimized culture conditions 

and developed a bottle turning device culture system for cord blood-derived CD34+ cell cultures to 

generate red blood cells with a 50% enucleation rate90. In addition, these cultures also contain fetal 

bovine serum. In contrast, Timmins et al. demonstrated in 2011 an ultra-high-yield of red blood cells 

with >90% enucleation rate from cord blood-derived CD34+ cells in the absence of plasma and glu-

cocorticoids91. This group also used a 1L bioreactor to increase the erythroid yield.

In chapter 3 we described a three-stage culture system to generate around 25mL of packed red 

cells from PBMC. We optimized existing erythroid cultures, by exchanging the commercial, propri-

ety-non-defined and expensive StemSpan for inexpensive completely characterized GMP-grade 

medium. PBMC were used as starting material, because we showed in chapter 2 that CD14+ cells in 

PBMC increase the erythroid yield by supporting CD34+ cell survival. In addition, starting from PBMC 

dispenses the extremely expensive CD34 isolation scheme. Replacing plasma and serum for stripped 

human serum albumin during the expansion phase maintained erythroblasts for a prolonged period 

(>26 days), whilst inhibiting terminal differentiation. Removal of SCF and dexamethasone, increasing 

the concentration of EPO and holotransferrin, and the addition of omniplasma and heparin differ-

entiates erythroblasts towards >90% fully enucleated cultured red blood cells that express adult 

hemoglobin and maintain blood group expression. We are currently investigating if we can exchange 

the addition of omniplasma during the last stage of erythroid differentiation for plasma-free supple-

ments by aiming to identify the components in plasma that allows efficient differentiation (e.g., using 

PEG precipitation and plasma fractionation). As plasma not only contains proteins, but also lipids 

and steroids, heat inactivation will determine if proteins in plasma are important for enucleation. 

In addition, lipidomics on cultured red blood cells and freshly isolated red blood cells will give clues 

to the differences in plasma membrane composition, which may need to be amended to further 

resemble in vivo erythrocytes. Besides, routine red blood cell production in culture dishes will be 

infeasible. Therefore, erythroblasts were expanded and differentiated in G-Rex bioreactors in order 

to meet the required amount of red cells for one unit of packed red blood cells. A draw-back of the 

currently used bioreactor remains in scalability, as these bioreactors are not provided with a capacity 

over 5L due to physical constraints and are very costly if multiple G-Rex culture systems were to be 

employed. Therefore, we currently focus on the design of a novel bioreactor.

 

Another disadvantage of our culture method described in chapter 3 is that people still have to donate 

blood in order to start red cell cultures, which is in particularly invasive when anemic patient-specific 

blood has to be used. Therefore, it would be more convenient to start with an immortal source, such 

as hIPSC or immortalized cell lines. Recently, a human immortalized adult erythroid cell line (Bristol 

Erythroid Line Adult, or BEL-A) was generated by transducing CD34+ cells from adult bone marrow 

with a Tet-inducible HPV16-E6/E7 construct46. These cells have similar progression to the erythroid 

pathway and erythroblast expansion compared to CD34+ cells from peripheral blood. However, the 

enucleation rates are still around 30%. Using BEL-A cell lines for large-scale erythroid cultures requires 
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further optimization of the enucleation and reticulocyte stability. Data from others and unpublished 

data from our group showed that hIPSC can be generated from human cultured erythroblasts using 

the Yamanaka lentiviral factor set Oct4, Sox2, c-Myc, and Klf4 or episomal reprogramming92, 93. By 

generating embryoid bodies or using the more efficient single cell cultures, pluripotent cells can be 

further directed towards erythroid cells94, 95 (and unpublished data by Varga et al.). However, these hIP-

SC-derived erythroid cells still express fetal hemoglobin. Transfusions with erythroid cells expressing 

fetal hemoglobin would not immediately be detrimental, as patients with persistent fetal hemoglobin 

do not show any phenotype96. Interestingly, patients with sickle cell disease and thalassemia could 

even benefit from transfusions with high fetal hemoglobin expression in the erythroid cells, as this 

could immediately reduce the symptoms caused by mutated adult hemoglobin. Recently, the group 

of Maryeux performed proteomic analysis on cultured human erythroid cells97. Additional RNA-se-

quencing of erythroid cell cultures during differentiation will further add as a control to flow cytometry 

and functional assays, but was not ready for analysis upon writing this thesis. However as indicated, 

hIPSC-derived erythroid cells have poor enucleation rates, which will be the focus of future research. 

Knowledge of erythroid-macrophage interactions may provide an approach to study this, e.g., by 

co-cultures of hIPSC with GC-macrophages. In addition, reticulocytes that enter the bloodstream 

will further differentiate towards erythrocytes in vivo, therefore, we possibly do not need biconcave 

erythrocytes as a transfusion product. However, this can only be properly tested in a clinical trial and 

therefore still allows research to focus on the differentiation of reticulocytes towards erythrocytes.

It is still very expensive to produce an in vitro transfusion product and the costs to produce 25mL 

of cRBC, though difficult to assess at the moment, would be approximately 100.000 euro per prod-

uct. Major cost drivers are holotransferrin, SCF and EPO. However, these costs may be significantly 

decreased if in-house developed recombinant versions are produced, which might reduce the costs 

to approximately 5.500 euro per product. This is in the range of a unit rare blood from the frozen 

blood bank of 3.676 euro. The synchronized cultures all contain young reticulocytes that have a the-

oretical lifespan of about 120 days. Chronic anemia patients that receive blood transfusions every 

two months may benefit from transfusion with in vitro cultured long-lived erythrocytes, potentially 

increasing the time between transfusions and thereby reducing the costs. A clinical trial will allow to 

test the in vivo lifespan of transfused PBMC-derived reticulocytes and investigate the optimal period 

of repeated transfusions, because transfused patients could experience a rapid drop in hemoglobin 

when erythrocytes die around the same period. 

The data in this thesis provide evidence that macrophages are crucial during human erythropoiesis 

and positively influence erythroid cell cultures. We have provided new tools to study the role of mac-

rophages during erythropoiesis in depth, by tracking hematopoietic stem cell differentiation towards 

erythropoiesis showing that macrophages support the survival of HSPC. Furthermore, these macro-

phages functionally and phenotypically resemble erythroblastic island macrophages from fetal liver 

and bone marrow and can be used as a human model to study erythroid-macrophage interactions. 
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Altogether, we have unraveled important mechanisms of erythroid-supporting macrophages, which 

can be applied to current protocols to optimize in vitro production of red blood cells. We are currently 

ready to start phase I clinical trials with 25mL of autologous blood from healthy individuals using 

PBMC as starting material. However, in future, we expect to generate universal donor red blood cells 

derived from hIPSC or other immortalized cell lines. CRISPR/Cas9 may be used to remove immuno-

genic features like blood groups that are not necessary for the functionality of the cells, such as Kel, 

Kidd and Duffy. Both patients in need of regular blood transfusions as well as patients that need a 

single blood transfusion after blood loss may then be transfused with in vitro cultured red blood cells.
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