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Abstract
Despite the advances in the haematology field, blood-transfusion-related iatrogenesis is still a major issue to be considered during such procedures, due to blood antigenic incompatibility. This places pluripotent stem cells as a possible ally in the production of more suitable blood products. The present review article aims at providing a comprehensive summary of the state-of-the-art concerning the differentiation of both embryonic stem cells and induced pluripotent stem cells to haematopoietic cell lines. Here, we reviewed themostrecently published protocols to achieve the production of blood cells for future application in haemotherapy, cancer therapy and basic research.
© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: In the past few years, considerable advance has been made possible in the field of cellular therapy both in its basic and clinically applied form. Stem cells may have important future applications in haematology, considering the possibility of supplying the blood needed for transfusion with the use of in vitro produced blood products. Thus, we have summarized in this paper the lately established protocols for differentiating both embryonic and induced pluripotent stem cells into blood cells for possible future use for haemotherapy.
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INTRODUCTION
Haemotherapy is considered to be the collection of techniques in which whole blood or its fractions are transfused into a patient in order to re-establish haemostasis and to treat certain conditions. It may be carried out using stocked whole blood or by using processed concentrates according to the necessity of the patient, red blood cell (RBC); platelets; or plasma. The blood transfusion, however, is closely related to iatrogenesis events as their cause, as a consequence of predictable or non-predictable reasons. Transfusion-related acute lung injury and haemolytic transfusion reaction (HTR) are the more commonly related conditions following blood transfusions, which impose an important hindrance to the execution of this procedure, considering the life-threatening nature of these consequences [1].
In order to minimize the inherent risks, blood transfusion requires immunologic compatibility between the blood of the donor and recipient so as to avoid HTR and to ensure the therapeutic efficacy of the RBC concentrates. Identifying the blood-group-related antigens in the surface of blood cells to be infused and the determination of haematological and immune status of the recipient serum are mandatory procedures before the blood transfusion. Many scientific works show efforts towards the production of universal RBC, which may be transfused regardless of the antigenic phenotype of the recipient. These efforts tend to focus on management of cells by treating the AB antigens with polyethylene glycol or on erasing the AB epitopes by enzymatic digestion with glycosidase[2,3]. However, these strategies have limited benefits and do not apply to silencing phenotypes other than the AB antigens or to impose the expression of a specific antigen in the cells.

The previously cited immunologic compatibility between donor and receiver is due to the presence of membrane antigens on the donor cells that are bound to elicit immune response in the receiver. More commonly discussed are the AB antigens, that define the ABO group to which the individual belongs so as to be used as guidance in blood transfusions and are also aimed at when attempting to diminish immune response elicitation of donor cells[2,3]. However, transfusion-related iatrogenesis still happen, in spite of using ABO compatible blood. The occurrence of immune response not connected to the AB antigens make considerations about other possible antigens necessary. Thus, the phenotype of antigens of the individuals may be classified in two clinically relevant groups, defined according to the frequency in which those antigens appear: public antigens, collection of antigens present in the great majority of the population; private antigens, are those found in very few individuals[4]. In order to prevent immune response it is, intuitively, necessary to ensure compatibility of the greater number of antigens possible. Matching correctly donor and recipient bloods would be highly unlikely due to the numerous phenotypes regarding blood cell antigens, rendering necessary to perform immunologic testing on the serum of the recipient in order to screen for presence of antibodies against the most common antigens, namely public antigens. However, attainment of RBCs expressing negative phenotype for public antigen or positive phenotype for private antigen is difficult. Circumvention of this problem may only be done reliably by the installation of worldwide facilities for banking rare bloods[4], which are logistically complicated and would add high costs to blood transfusions[5].
Considering the context where the production of blood cells that induce none or less immune response is made necessary in order to achieve safety of the blood transfusion processes, the development of in vitro protocols capable of generating functional antigen-controlled cells is mandatory, as well as the compilation of those protocols. The use of stem cells characterizes an attempt to engineer blood cells, which could serve the purpose of supplying the need of the health systems for considerably voluminous amounts of safer blood product for transfusion as well as for other applications in research that may culminate in future therapeutic protocols, including the production of cancer-targeted lymphocytes. Both embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) have been reported to be successfully differentiated in vitro to cells constituting blood products[6-8].
DIFFERENTIATION OF ESCS TOWARDS BLOOD CELLS PRODUCTION
ESCs may provide inexhaustible and donorless source of cells for human haemotherapy, considering the possibility of being indefinitely propagated in appropriate culture conditions. In addition to the proliferation competence of ESCs, these cells display also potentiality to differentiate into all tissues found in an individual, including haematopoietic differentiation. The possibility of manipulating the expression of antigen genes by homologous recombination represents another feature that makes ESCs a suitable tool to generate blood cells of interest[9]. Thus, arises great interest in using human ESCs in order to supply the need for blood products. In vitro haematopoietic differentiation of ESCs has already been well documented along with the haematopoietic precursors involved, erythroid, myeloid, macrophage, megakaryocytic and lymphoid[10-17]. Nevertheless, large-scale production of functioning blood cells is still in development. Substantial technologic advances have been done in engineering mature haematopoietic tissue from murine ESCs, publications by Kitajima et al (2003); Kennedy and Keller (2003); and Fraser et al (2003) display the practical aspects of the murine cells differentiation[18-21].
Here we have chosen to review the protocols being established in order to differentiate human ESCs into the various cell lineages of mature blood cells, including the differentiation to megakaryocytes, through which platelets may be acquired, as well as to analyse the results obtained by the most recent advances.

Production of erythrocytes
The in vitro generation of RBCs are of particular interest as an alternative to classic transfusion, in a sense that it could provide cells of a particular phenotype, circumventing the problems related to immune response upon transfusion, and, in addition, it would diminish the risk of infection by blood-borne pathogens[22-24]. However, the viability of using the produced cells depends on their functionality and the capability of the method of producing enough quantity of blood product, factors on which there is still development being done by ongoing researches.
Various protocols have been developed intended to achieve satisfactory erythrocytic differentiation of ESCs. As a consensus, the protocols relay on appropriate culture conditions and use of cytokines that will be later discussed. Erythropoietin (Epo), responsible for activating anti-apoptotic pathways and stimulating haemoglobin synthesis; and stem cell factor (SCF), acts mainly promoting proliferation of the erythroid progenitor cells. Those seem to be the two central factors on this differentiation[25], nevertheless, more recent research have found possible to perform erythrocytic differentiation independent of Epo[26], which will later be detailed.
The underlying regulatory molecular mechanism involved in the differentiation discussed in this topic requires alteration in expression of transcription factors of the GATA family. GATA1 is closely related to the haematopoietic differentiation, including the erythroid lineages, and is mostly expressed during the final steps of the pathway by which RBCs are formed. GATA2, however, is responsible for maintaining the cells less differentiated status and proliferating[27].
Production of erythrocytes via haemangioblasts: Although extensively investigated, in vitro haematopoietic differentiated RBCs had not been reported to successfully carry oxygen until the studies by Lu et al[28] in 2008, in which haemangioblasts were used as an intermediate for differentiation. Despite the success, the RBCs derived from in vitro differentiation still displayed structural differences concerning the globin chains expressed in the cells[28].
Haemangioblasts are considered to be bipotential cells, which differentiate into both haematopoietic cells and endothelial cells, placing them as an alternative for generating functional blood cells. Several research groups have already attempted to produce significant amount of haemangioblasts, which could be differentiated to erythrocytes as a final aim, with clinical applications[28-30]. However, the production of production of haemangioblasts remained considered insufficient due to its high costs and low quantity of cells of interest produced.

In 2007, Lu et al[31] issued two publications where a cheaper and significantly more efficient previously established protocol to produce haemangioblasts was detailed and tested. Also, the oxygen-carrying capability of the erythroid cells later produced was tested[28,32]. The protocol established by Lu et al is here summarized on Tables 1 and 2. 

Characterization of the cells produced after the steps on Table 1 displayed as a result that the cells were nucleated and significantly larger than erythrocytes, but showed abundance of haemoglobin, whereas the cells obtained after the protocol on Table 2 were more similar to RBCs when morphologically compared, considering that this protocol promoted enucleation of the cells.

The number of cells obtained by with the delineated protocol was 800% higher than on previous studies[31]. In addition, most of the cells produced expressed the RBCs marker membrane proteins and did not express myelomonocytic or megakaryocityc antigens, 75% were CD 71 positive; and 30% were CD 253a positive. Moreover, the erythroid cells could successfully function as oxygen carrier. Thus, the protocol employed by Lu et al[31] and summarized on Tables 1 and 2 represents an advance in the attempts to produce RBCs.

Production of erythrocytes independent of erythropoietin: More recently, it has been proposed by Kim et al[26] a method by which substantial higher RBCs production from ESC was possible without the use of Epo as a differentiation inducer [26].
In this study, the group achieved erythrocytic differentiation by transfecting with lentiviral vector the gene for the F36V-MPL protein, which consists of intracellular domain, MPL, and the drug binding extracellular domain, F36V[33]. The normal MPL protein is activated by thrombopoietin, while a small molecule, AP20187, may also activate the F36V-MPL protein, homodimerizing the MPL domain that activates erythropoiesis. MPL domain activation was found to up-regulate the expression of GATA1, commonly related to differentiation to erythroid cells. Additionally, the protein transduced in the cells does not suffer internalization as a negative feedback mechanism when the ligand binds to the external domain. The cited features confer the protocol used by the group the capability of producing results apparently superior to previous studies[26].
In the study by Kim et al[26] the differentiation occurred satisfactorily and more efficiently. Globin chains expression and enucleation was higher than in previous studies using Epo, allowing to conclude that the homodimerization of the transfected protein intracellular domain is more potent at promoting erythropoiesis than induction with Epo[26]. Although it signifies a great step forward in the understanding of the underlying mechanisms of this differentiation, the use of lentiviral vectors would pose a severe hindrance in its utilization for therapy, considering the augmented possibility of malignant transformation of the transfected cells.
Production of platelets

The genesis of platelets, both in vivo and in vitro depends on the formation of the megakaryocytes as an intermediate. Megakaryocytes are polyploidy cells that underwent successive DNA replications without mitosis. Platelets are the result of the maturation of the megakaryocytes, in which they are fragmented[34]. Efforts in understanding the dynamics of megakaryocytic differentiation as well as the final maturation to platelets are important in order to make advances in the in vitro production of this blood product that may be used for research concerning platelets and coagulation and eventually for thrombocytopenia treatment.
In 2002, Eto et al[35] described the production of large quantities of megakaryocytes from murine ESCs. The ESCs were co-cultured with OP9 stromal cells and the differentiation was induced by thrombopoietin, IL-6 and IL-11 in order to obtain polyploid megakaryocytes and subsequently pro-platelets. The results were confirmed by the expression of IIb3 and platelet glycoprotein Ibconsidering that the cells obtained could successfully bind to fibrinogen by the IIb3 integrin responding to platelet agonists. No haematopoietic stem cell, erythrocyte and leucocyte markers were found to be expressed after differentiation[35].
Years later, further research by Gaur et al[36] managed the production of megakaryocytes starting with human ESCs, which also displayed properties of mature cells, responding to platelets agonists and binding to fibrinogen. Cell culture was also performed together with OP9 cells and differentiation was induced by human thrombopoietin[36]. 
Although Mks have been successfully produced by successful differentiation of both mouse[35,37,38] and human ESCs[12,39-42], a great part of the protocols employed required co-culture with stromal cells, imposing difficulties to determine the exact requirements for direct differentiation of ESC to megakaryocytes.
Production of mast cells

Mast cell differentiation using ESCs has been well documented by Kovarova et al[43,44] since 2001. The process follows three steps, in the first one, Ebs are formed after platting the ESCs in ultra-low-attachment plates; second step, the EBs are then transferred to Matrigel-treated plates where induction to differentiation starts by the supplementation with SCF, IL-6, IL-3 and Fms-like tyrosine kinase 3 ligand (Flt-3L), which yields non-adherent haematopoietic progenitors; third step consists of further differentiating the progenitors collected on second step by adding foetal bovine serum (FBS), IL-6 and SCF[43,44]. Although mast cells are not documented in the literature as prone to transfusion, the in vitro differentiation of mast cells is relevant for the studies concerning inflammatory diseases[44].

Production of macrophages
Mature macrophages can be classified in two groups, M1, which mediate mainly defence against pathogens and inflammatory response; and M2, more connected to wound healing and tissue remodelling. Foetal macrophages present M2-like phenotype that accounts for the scar-free wound healing in embryos. Thus, it studies have been performed in order to study the properties of ESC-derived macrophages and their applications[45]. It was found evidences that in spite of the M2 properties in vivo in embryos the macrophages obtained from ESC differentiation do no promote better cutaneous tissue healing[45]. In spite of these finding, the in vitro production of macrophages is still important for providing cellular model for infections considering these cells are the specific hosts for certain pathogens, namely, HIV-1, dengue virus, Leishmania and Mycobacterium tuberculosis[46].
Van Wilgenburg et al[46] provided the most recent detailed protocol for macrophage in vitro production rendering the macrophage differentiation protocol more efficient and predictable[47]. Two protocols were developed by the group, a “quick protocol”, in which EBs were formed by culturing the ESCs on a layer of mouse feeder cells before mechanical dissociation of the bodies that were then cultured on ultra-low-attachment plates where differentiation was stimulated by IL-3 and macrophage colony-stimulating factor (M-CSF); and the “defined protocol”, where no feeder layer or serum were applied, EBs were formed by the spinning method[48] and the medium used was the XVIVOTM serum-free medium[45].
Production of T lymphocytes
De Pooter et al [49] has successfully differentiated mice ESCs into T lymphocyte lineages following the culture conditions previously established by Nakano et al[50], where the stem cells were co-cultured with OP9 feeder cells and differentiation was induced by the ftl-3 ligand and IL-7.
In vitro T-cell differentiation has been reported to happen after the ESCs were differentiated to haematopoietic stem cells (HSC) as described by Vodyanik[51]. When culturing the ESCs on feeder layer of stromal cells and supplemented with Flt-3L, IL-7 and SCF, it was possible to attain substantial number of haematopoietic progenitor cells (HPCs), which were later committed to the differentiated T lymphocytes[52]. However, a detailed protocol to achieve efficient human T lymphocyte differentiation from ESC has not yet been devised.
Production of B lymphocytes

In 2003, the production of functional B lymphocytes was described by Cho et al[53,54]. Flt-3L, IL-7 were added to the medium in defined days, Flt-3L was added on the fifth day and IL-7 on the eighth day, when pre-B cells were obtained. Fully differentiated and functional B lymphocytes were produced after stimulation with lipopolysaccharide (LPS). The B cells produced did express the markers that indicate commitment to this lineage, including IgM, which had its expression enhanced by LPS stimulation[54].
In the most recent publication on the subject, the induction of lymphopoietic differentiation of ESCs was found to yield two HPCs phenotypes: (1) CD34+CD45RA+CD7-; and (2) CD34+CD45RA+CD7+. The first one, CD7-, had its potential more turned to the production of B cells but could differentiate into Natural Killer (NK) and T cells as well, while the second phenotype, CD7+, was more likely to generate NK and T cells[55].
Production of eosinophils
Hamagushi-Tsuru et al[56] published on 2004 a detailed protocol to differentiate eosinophils from murine ESCs and evidence of their functionality. The differentiation was achieved by cultivating the cells on OP9 stromal cells with stimulation of IL-5 and either IL-3 or granulocyte-macrophage colony stimulating factor (GM-CSF). Eotaxin was also employed in attempt to differentiate the cells, which was only achieved when combined with either IL-3 or IL-5. During the differentiation process, the level of expression of GATA1 transcription factor was found to increase the relation of GATA1 and haematopoiesis was briefly explained earlier in this review. In addition, the expression of CCAAT binding proteins, IL-3 receptor, GM-CSF receptor and major basic proteins were also augmented[56]. 
So far, no definite and detailed protocol has been established for the differentiation of eosinophils from human ESCs.

Production of neutrophils

A neutrophil differentiation protocol has been documented and investigated by Lieber et al[57,58], in which mouse ESCs were used. The differentiation protocol followed was performed in three steps, firstly ESCs were cultured on OP9-feeder-layer under conditions that elicited EBs formation until the day-8; secondly, the day-8 EBs were dissociated and placed in new medium added of basic fibroblast growth factor (FGF); IL-6; kit ligand (KL); IL-11 and leukaemia inhibitory factor (LIF); the third step promoted the final differentiation into mature neutrophils by transferring the cells to a new medium supplemented with G-CSF GM-CSF and IL-6[57,58].
A neutrophil production protocol for human ESCs was more recently published. EBs formation was stimulated by bone morphogenetic protein-4 (BMP-4); SCF; FTL-3L; IL-6; IL-6 receptor fusion protein; and thrombopoietin. Further differentiation required G-CSF in order to attain mature neutrophils, which expressed the lineage markers[59].
Production of dendritic cells

Standard well-defined protocol for producing dendritic cells (DC) from human ESCs are available. The procedure involves formation of EBs on OP9 cell monolayer and requires the use of GM-CSF, IL-4 and tumour necrosis factor-α (TNF-α as cytokines to induce differentiation. The process requires the formation of HPC before a final step when those give rise to mature DC due to the presence of GM-CSF and IL-4[60,61].
Production of natural killer cells
Natural killer (NK) cells have particular importance in the cytotoxic response of effective immunity. The modulation of those cells has been investigated since they may be useful tools in the treatment of neoplasms, which has been recently been explored[62].
NK cells differentiation was done by culturing the ESCs initially on monolayer of M210-B4, a murine bone marrow lineage, as feeder cells. CD34+ and CD45+ could be isolated from the first step and differentiated to NK when co-cultured with another feeder cell, AFT024, on medium supplemented with β-mercaptoethanol, ascorbic acid and the cytokines IL-3, IL-7, IL-15, SCF and FTL-3L[63].
DIFFERENTIATION OF INDUCED PLURIPOTENT STEM CELLS TOWARDS BLOOD CELLS PRODUCTION
Induced pluripotent stem cells (iPSCs) was the term coined to describe the first cell lineage produced by reverting the differentiated status of somatic cells by using defined factors, four transcription factors were found to be necessary to reprogram fibroblasts, oct-4, Sox-2, Klf-4 and c-Myc[64]. The cells acquired could successfully differentiate into cells of the three germ lines and resembled the ESCs in several other morphological aspects as well as in the gene expression signature[64]. The understanding of the underlying mechanisms of cellular reprogramming provided by Takahashi et al[64] allowed further studies to develop protocols to reprogram other somatic cell lines and produced iPSCs[8,65,66]. The advances represented by the iPSCs subsidized studies focused on their use for tissue production through cellular differentiation. Several following works managed to develop differentiation protocols to be applied on the iPSCs, including haematopoietic differentiation[67-69]. Additionally, cellular reprogramming readily encouraged considerable advances on tissue engineering, since the development and use of iPSCs is not bound to the same hindrances imposed by the ethical constraints inherent to ESCs[64].
The differentiation of iPSCs may also circumvent the problems related to immunological incompatibility upon engraftments and transfusion, considering that iPSCs can be produced in a patient-specific manner[64,70,71]. However, the production of these cells still is highly costly and widely inefficient on what concerns the proportion of cells, which are successfully reprogrammed. Safety issues also have to be taken into consideration, since lentiviral vectors were employed by Takahashi et al[68] and most of the following attempts to produce iPSCs. Nevertheless, several steps have been recently taken towards a safer and more efficient production of iPSCs[64-66].
Considering the lack of ethical hindrances, possibility of patient-specific cellular reprogramming and great differentiation potential of the iPSCs, they represent a great candidate to be used in the obtainment of donor-free blood products[67-69].
In 2009, Lengerke et al[72] cultured fibroblast-derived iPSCs under conditions similar to those used for ESCs procedures, which enable expansion of a long period. In addition, when differentiation was induced by BMP-4 EB formation could be evidenced from the first day and after day-17 flow cytometry providing evidence of the haematopoietic profile of the cells obtained[72].
Protocols for haematopoietic differentiation of iPSCs are currently being devised and tested for functionality and resemble the protocols used in ESCs. The already established protocols for differentiating iPSCs into haematopoietic cell lineages have been recently reviewed by Lim et al[73]. In order to summarize the state-of-the-art on the matter, we are going to display on Table 3 the culture conditions and cytokines employed in order to achieve differentiation as well as to compare to the protocols used for ESCs.

Apart from the previously stated advantages of employing iPSCs for the production of blood products, the cells obtained with the cellular reprogramming technology have been reported as useful tools for the progressing field of immunotherapy.

In 2013, Themeli et al[84] has successfully produced tumour-targeting T lymphocytes by differentiating iPSCs. Differentiated NK cells have also been investigated for cancer immunotherapy[85]. Although little has yet been produced, the available data regarding the iPSCs aspects of differentiation potential as well as the possibility of using patient-specific cells put the iPSCs as a promising alternative to generate immunotherapeutic blood products[86,87]. 

Besides the applications cited above, the knowledge on cellular reprogramming may as well be applied to cancer cells in order to produce iPSCs that can potentially predict the progression of the disease and serve as an in vitro model[88,89]. Miyoshi et al[89] has published in 2009 the attainment of cancer stem cells by transfecting defined transcription factors to gastrointestinal neoplastic cells. More recently, iPSCs have been produced starting from pancreatic carcinoma cells[90]. Considering that pluripotency has also been achieved from haematopoietic somatic cells[91-93], reprogramming arises as a promising technology for studying the development of haematological cancers, which are of great importance in the population[94].

CONCLUSION

From what could be perceived from literature data, differentiation of blood cells from either ESCs or iPSCs is an on-going field of studies, from which various applications can be investigated. Most of the haematopoietic cells could already be successfully produced from pluripotent stem cells, however there is an ever-progressing search for more efficient protocols in order to achieve sufficient production in number of cells for transfusion through a safe protocol that also yields functioning blood cells.

Apart from the enterprise towards acquiring blood products through ESCs and iPSCs differentiation, the haematopoietic differentiation of those cells can also be applied with other purposes. T- and NK cell-based immunotherapy seems to be an alternative to cancer treatment with future applications as well as the reprogramming of cancer cells may be of great use in determining the pathways through which carcinogenesis occur.
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Table 1 Steps taken to obtain erythroid cells from human embryonic stem cells by the formation of Haemangioblasts

	Step-Days
	Procedure

	1 – 3.5 prior to step 2
	EB formation is stimulated by plating hESCs on ultra-low attachment plates with serum-free medium supplemented with BMP-4, VEGF165 and Basic FGF;

48 h later; half of the medium renewed and accreted of SCF, thrombopoietin and FLT3 ligand;

EBs are here formed and induced to differentiate to haemangioblasts.

	2–days 0 to 10
	EBs formed are dissociated with trypsin and a single cell suspension is obtained;

The cells are re-suspended in appropriate medium and further put in contact with BGM added with FGF and t-PTD-HoxB4 fusion protein, where they were expanded for 10 d;

The haemangioblasts are enough expanded after this period of 10 d

	3–days 11 to 20
	Differentiation to erythroid cells may be achieved by culturing the haemangioblasts obtained in step 2 for five days with the addition of BGM supplemented with Epo to the medium used in step 2;

The cells are then expanded for up to seven more days on Stemline II-based medium supplemented with SCF, Epo and methylcellulose

	4–day 21
	Erythroid cells obtained after step 3 were suspended in IMDM with 0.5% BSA in order to be collected by centrifugation.

The cells are washed with IMDM and BSA and normally plated, so that non-erythroid cells adhere allowing the non-adherent to be separated by collecting the medium and centrifugating.


hESCs: Human embryonic stem cells; FGF: Fibroblast growth factor; BMP-4: Bone morphogenetic protein-4; SCF: Stem cell factor; BGM: Blast-colony growth media; Epo: Erythropoietin; IMDM: Iscove modified Dulbecco medium; BSA: Bovine serum albumin.
Table 2 Enucleation of Haemangioblasts. The technique here summarized starts by taking the haemangioblasts at the 7th day of step 2, clarified on Table 1
	Step
	Procedure

	1
	Haemangioblasts obtained on day 7 of the procedures described Table 1 are filtered and plated with Stemline II medium supplemented with inositol; folic acid; monothioglycerol; transferrin; insulin; ferrous nitrate; ferrous sulphate and BSA; along with penicillin-streptomycin solution

	2 
	For 7 d, the medium described on step 1 was added of hydrocortisone; SCF; interleukin-3 and Epo;

Cell density was kept at 106 cells/mL.

	3
	After the 7th day, SCF and interleukin-3 were not anymore added to the medium

	4
	The cells were co-cultured with human mesenchymal stem cells or OP9 mouse stromal cells at different days between days 19 and 36;

Medium was composed as described on Step 1 added of Epo


SCF: Stem cell factor; Epo: Erythropoietin; BSA: Bovine serum albumin.

	Table 3 Summary and comparison of protocols employed for differentiation of embryonic stem cells and induced pluripotent stem cells

	Haematopoietic lineage
	Culture conditions for ESCs
	Culture conditions for iPSCs
	Cytokines used in ESCs differentiation
	Cytokines used in iPSCs differentiation
	Ref.

	Erythrocytes
	Cells grown initially on mitomycin-treated Mouse Embryonic Fibroblasts; BGM and Stemline II media are used; Final step was done in co-culture with OP9 cells or human mesenchymal stem cells.
	Cells are grown in co-culture with human foetal liver-derived feeder layer
	BMP-4, VEGF165, FGF, thrombopoietin, FLT-3L, t-PTD-HoxB4 fusion protein, Epo, IL-3.
	IL-3, SCF, Epo, BMP-4, Insuline-like growth factor-1.
	[28,31,32,74]

	Megakaryocytes
	Cells are grown in co-culture with OP9 stromal cells.
	Feeder-free culture in serum-free Stemline medium or in OP9 or C3H10T1/2
	IL-6, IL11 and thrombopoietin.
	BMP-4, VEGF, FGF, SCF, thrombopoietin, FLT-3L, IL-11.
	[35,75,76]

	Mast cells
	Cells are grown in co-culture with OP9 stromal cells.
	Mice iPSCs were initially co-cultured in on mitomycin-treated Mouse Embryonic Fibroblasts with LIF added. In the final step, OP9 cells were used as feeder layer.
	SCF, IL-6, IL-3 and FLT-3L.
	IL-3, IL-6 and SCF.
	[43,44,77]

	Macrophages
	Cells are grown in co-culture with OP9 stromal cells, but in an alternative method, no feeder layer was used, EBs were produced by the spinning method.
	Cells are grown in co-culture with OP9 stromal cells.
	IL-3 and M-CSF.
	FGF, BMP-4, VEGF, IL-3, IL-6, IL-11, SCF.
	[45,78]


	T lymphocytes
	Cells are grown in co-culture with OP9 stromal cells.
	Initial culture was done on irradiated SNL76/7 cells and further steps on OP9-DL1 cells
	FLT-3L, IL-7 and SCF.
	FLT-3L, IL-5.
	[49-52,79]

	B lymphocytes
	Cells are grown in co-culture with OP9 stromal cells.
	Cells are grown in co-culture with OP9 stromal cells.
	FLT-3L, IL-7.
	FLT-3L, IL-3, IL-7 and SCF.
	[53-55,80]

	Eosinophils
	Cells are grown in co-culture with OP9 stromal cells.
	No established protocol
	IL-5, IL-3, GM-CSF and Eotaxin.
	No established protocol
	[56]

	Neutrophils
	Cells are grown in co-culture with OP9 stromal cells.
	Cells are grown in co-culture with OP9 stromal cells.
	BMP-4, SCF, FLT-3L, IL-6, IL-6 receptor fusion protein, thrombopoietin and G-CSF.
	VEGF, IL-3, SCF, thrombopoietin and G- CSF.
	[59,81]

	Dendritic cells
	Cells are grown in co-culture with OP9 stromal cells.
	Cell culture was feeder free, initially on mTeSR1 medium and posteriorly using X-VIVO 15 medium
	GM-CSF, IL-4, TNF-
	BMP-4, VEGF, SCF, GM-CSF, IL-4
	[60,61,82]

	Natural killer Cells
	Cells are grown in co-culture with M210-B4 cells initially and AFT024 cells In the final step.
	Cells are grown in co-culture with M210-B4 cells initially and AFT024 cells In the final step.
	IL-3, IL-7, IL-15, SCF and FTL-3L.
	IL-3, IL-7, IL-15, SCF and FTL-3L.
	[63,83]


ESCs: Embryonic stem cells; iPSCs: Induced pluripotent stem cells; FGF: Fibroblast growth factor; BMP-4: Bone morphogenetic protein-4; SCF: Stem cell factor; BGM: Blast-colony growth media; Epo: Erythropoietin; BSA: Bovine serum albumin.

