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Abstract

Allogeneic hematopoietic stem cell transplantation and blood cell transfusions are commonly 

performed in patients with a variety of blood disorders. Unfortunately, these donor-derived cell 

therapies are constrained due to limited supplies, infectious risk factors, a lack of appropriately 

matched donors, and the risk of immunologic complications from such products. The use of 

autologous cell therapies has been proposed to overcome these shortcomings. One can derive such 

therapies directly from hematopoietic stem and progenitor cells of individuals, which can then be 

manipulated ex vivo to produce desired modifications or differentiated to produce a particular 

target population. Alternatively, pluripotent stem cells, which have a theoretically unlimited self-

renewal capacity and an ability to differentiate into any desired cell type, can be used as an 

autologous starting source for such manipulation and differentiation approaches. In addition, such 

cell products can also be used as a delivery vehicle for therapeutics. In this review, we highlight 

recent advances and discuss ongoing challenges for the in vitro generation of autologous 

hematopoietic cells that can be used for cell therapy.

Introduction

In a number of blood disorders, hematopoietic stem cell (HSC) transplantation is currently 

the only available curative therapy. Approximately 50,000 HSC transplantation procedures 

are performed each year around the world [1]. However, a HSC transplant is generally not 

the first line of treatment for the majority of blood disorders. This is largely attributable to 

the numerous complications that can result from obtaining and transplanting HSCs from a 

donor (termed allogeneic transplantation) [1,2]. For example, an appropriate match does not 

exist for the majority of patients with blood disorders and even when a matched donor is 

identified, significant morbidity due to immunologic incompatibility between recipient and 

donor remains common [1,2]. An emerging alternative is the possibility of autologous 

transplantation, where HSCs or other cell sources derived from an individual are used as 
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material for hematopoietic reconstitution of that individual, which can thereby avoid many 

of the complications inherent to allogeneic transplantation. Typically in autologous 

transplantation, stem cells are harvested and modulated ex vivo, the individual is 

subsequently conditioned with chemotherapy, and the harvested cells are transplanted to 

reconstitute the hematopoietic system. Unfortunately, this approach currently suffers from 

significant limitations, since an individual's HSCs often harbor the precise mutations that 

cause their blood disorder, particularly in genetic and malignant blood diseases [3].

In many blood disorders, including sickle cell disease, thalassemia, bone marrow failure 

syndromes, and other chronic cytopenias, transfusion of specific blood cell components, 

such as red blood cells (RBCs) or platelets, is sufficient to confer clinical benefit [4,5]. 

Despite the prevalence of this procedure and the ready availability of donor-derived blood 

products, there are limitations including that the blood supply can be inadequate in certain 

circumstances and there can be transfusion-associated risks [6]. In addition, patients who 

frequently receive blood transfusions are at risk of developing alloimmunization, which 

presents a significant challenge to be able to obtain appropriately matched blood products 

[7]. Therefore, the development of alternative or complimentary approaches is under active 

investigation. One promising candidate approach is the generation of blood cells in vitro. In 

the case of blood cell transfusions, immature hematopoietic progenitors can be collected 

from a patient, expanded ex vivo, terminally differentiated (e.g. into RBCs), and ultimately 

transfused back into the same patient (Figure 1). Moreover, the ability to obtain large 

numbers of HSCs from patient-derived pluripotent stem cells (PSCs) or other autologous 

sources for use in hematopoietic transplantation is a major goal for the field of regenerative 

medicine. In this review, we discuss recent work that may advance the availability and 

clinical utilization of autologous blood cell therapies, while also highlighting challenges 

ahead to make the use of such therapies clinically feasible.

Generation of blood cells ex vivo from hematopoietic stem and progenitor 

cells (HSPCs)

Hematopoiesis is continuously occurring to maintain the steady-state level of blood cells, 

and this process is regulated by the combination of various cytokines that direct self-renewal 

of stem cells and differentiation of progenitors [8,9]. Based on extensive studies of 

hematopoietic differentiation in vivo, this process has been recapitulated in vitro to produce 

multiple mature blood cell lineages, including RBCs, platelets, and neutrophils (Table 1) 

[10]. For example, the addition of erythropoietin (EPO) preferentially leads to erythroid-

lineage commitment for RBC production, while the addition of thrombopoietin (TPO) 

preferentially results in megakaryocyte-lineage differentiation for platelet production [10]. 

Importantly, some in vitro-produced blood cells can circulate when transfused into human 

recipients. For example, a proof-of-principle experiment showed that in vitro-cultured RBCs 

could be successfully used for autologous transfusion and the transfused RBCs were 

maintained in the circulation of a recipient [11]. Although the differentiation of downstream 

hematopoietic cells has been well studied, a major challenge that remains to make such 

therapies clinically useful is the need to scale production in a cost-effective manner.
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A number of groups have developed culture systems that allow for the extended proliferation 

of lineage-restricted progenitors by perturbing regulatory genes (Table 1). For example, a 

few groups have shown that perturbing one or a combination of regulatory factors, including 

MYC, BCL-XL, HPV16-E6/E7, SOX2, TP53, and BMI1, allow the erythroblasts to stably 

proliferate for a few months while still retaining the ability to terminally mature to some 

extent [12–15]. Therefore, progenitors or immature precursors are expanded as much as 

possible before initiating terminal maturation. One limitation is that in most of these cases, 

the differentiation observed from such cells does not mimic the efficient terminal maturation 

seen with unperturbed primary hematopoietic progenitors. In addition to these methods, it 

has been shown that the suppression of SH2B3, a negative regulator of hematopoietic 

cytokine signaling, can significantly increase the production of RBCs derived from human 

HSPCs [16]. In contrast to the generation of immortalized cell lines, the method with 

SH2B3 suppression in HSPCs increases the yield of red cell production, while not 

perturbing and actually improving overall differentiation [16]. Given these significant 

advances in our understanding of the mechanisms governing erythroid self-renewal and 

differentiation, one logical next step would be to screen small molecules that can activate or 

inhibit those regulatory factors or other molecular pathways to establish long-term 

proliferating erythroblasts in vitro for future clinical use. Because RBCs have a average 

circulating lifespan of 120 days and are enucleate, the generation of RBCs in vitro would 

also allow for the use of RBCs as vehicles to deliver various molecules, such as therapeutics 

that have poor bioavailability or that need to be targeted to a particular tissue [17]. For 

example, it has been shown as a proof-of-principle that mouse RBCs can be engineered to 

express modified surface proteins that enable targeting to particular tissues and delivery of 

molecules via these engineered RBCs [18].

Recent advances have also allowed us to move toward improving upon and making large-

scale production of platelets for autologous transfusion an achievable goal (Table 1). 

Megakaryocytes – the precursor cells giving rise to platelets - undergo endomitosis, a 

process of DNA replication without cytokinesis, prior to terminal maturation [19]. Mature 

megakaryocytes become polyploid and an individual mature megakaryocyte can release up 

to 11,000 platelets [19–21]. While in vitro culture with thrombopoietin (TPO) can result in 

megakaryocyte differentiation from HSPCs, co-culture with human telomerase catalytic 

subunit gene-transduced stromal cells and various cytokines can lead to large-scale and more 

robust generation of platelets from HSPCs [10,22–24]. Although megakaryopoiesis and 

thrombopoiesis can be recapitulated in vitro, currently employed culture methods result in 

the release of less than 50 platelets per megakaryocyte and only a fraction of cultured 

megakaryocytes can release platelets [21]. To address this challenge, a number of groups 

have developed bioreactors to mimic bone marrow microenvironments, which will be further 

discussed in the next section [10,21,25,26]. By using such approaches that more closely 

mimic endogenous physiologic conditions, the ability to more robustly produce terminally 

differentiated blood cells is likely to improve. In addition, a number of groups have been 

testing the function of platelets produced by such methods and the results obtained suggest 

that many functions are preserved in in vitro derived platelets, while some differences do 

exist [21,27]. This is an important area for future investigation, as improved protocols are 

developed to promote formation of fully functional platelets.
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Production of blood cells from human PSCs

PSCs are attractive as a starting cell source for autologous blood cell products, since PSCs 

can be extensively expanded and manipulated in vitro, while maintaining genome integrity 

and self-renewal capability. Ever since the first hematopoietic progenitors were 

differentiated from human embryonic stem cells (ESCs), numerous protocols have been 

established for the differentiation of PSCs toward mature blood lineages, including 

erythroblasts, megakaryocytes/platelets, mast cells, macrophages, granulocytes, NK cells, B-

lymphoid cells, and T-lymphoid cells (Table 1) [16,28–43]. Similar to the clinical production 

of RBCs ex vivo, the key hurdle that must be overcome for these stem cell-derived cell 

therapies is to generate mature blood products that function similar to their endogenous 

counterparts and in a scalable/ cost-effective manner. Low or reduced quality in vitro output 

is particularly a problem for platelet production, as well as for other cell types. Unlike in 
vivo thrombopoiesis where a single megakaryocyte generates thousands of platelets, in vitro-

generated megakaryocytes generally produce fewer than 50 platelets, making it difficult to 

adequately achieve the 3 × 1011 platelets that compose a single platelet unit for typical 

transfusion purposes [21]. One solution to the problem of low in vitro platelet yield is to 

generate megakaryocyte progenitors that are themselves immortalized and thereby allow for 

increased expansion at the early progenitor stage (Table 1). Expandable megakaryocyte 

progenitors derived from human PSCs can be established by overexpressing MYC, BMI1, 

and BCL-XL [34]. In addition, researchers have achieved a high yield of megakaryocytes 

and platelets from mouse PSCs by temporally repressing Gata1 or from human PSCs by 

simultaneously overexpressing GATA1, FLI1, and TAL1 during the early stages of 

differentiation [32,44]. As far as can be assessed with currently available approaches, 

platelets produced in vitro share similar characteristics with native endogenously-derived 

platelets, but some differences exist [32]. In addition to the generation of immortalized 

megakaryocyte progenitors from PSCs, platelet generation with bioreactors is another 

promising area (Table 1). This method both increases the percent of megakaryocytes that can 

form platelets and mimics the bone marrow microenvironment, triggering the release of an 

increased number of platelets from megakaryocytes [10,21,25,26]. Such bioreactors have 

also been suggested to be extremely useful for in vitro production of other blood cells, as 

well [45].

One of the remaining concerns regarding the use of PSC-derived blood cells is the challenge 

of obtaining terminally differentiated cells that are similar to their adult counterparts, as 

opposed to those produced at earlier stages of development. During embryonic development, 

there are transient waves of hematopoietic progenitors, termed primitive and definitive 

erythroid-myeloid progenitors (EMP), that contribute to blood production prior to the 

emergence of HSCs [46]. Currently, most culture systems can recapitulate primitive and 

definitive EMP waves of hematopoiesis, but not the final wave involving HSCs, which all 

adult hematopoietic cells are derived from [47]. Since blood cells derived from the definitive 

EMP wave, especially for RBCs, share many similarities with HSC-derived blood cells, it 

will be important to identify discriminatory surface markers for definitive and primitive 

blood cells. This distinction is key, because even though some primitive RBCs can enucleate 

similar to definitive RBCs, they are substantially larger in size and have altered cell surface 
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protein expression, potentially resulting in an impaired ability to circulate, and therefore 

may not ideal candidates for use as autologous cell therapies [48]. While ontogenic 

differences in RBCs have been well-studied, recently it has been shown that neonatal and 

adult platelets display distinct characteristics that may impact their function [49,50]. For 

example, it has been shown that fetal megakaryocytes generally have lower ploidy, with 

poorer generation of platelets as compared to those from adults [49–51]. Therefore, the low 

yield of platelets from megakaryocytes derived from human PSCs may be due to the 

recapitulation of embryonic/ fetal hematopoiesis, rather than a specific defect in the function 

of these cells. One future direction that avoids this ontogenic problem would be to first 

obtain true definitive HSPCs from PSCs, and directly differentiate these more 

developmentally mature progenitors into downstream progeny (Figure 1). An alternative 

approach is to use transcription factor-mediated reprogramming to promote more 

developmentally mature blood cell formation. For example, adult-type globin gene 

expression in erythroid cells can be achieved through the transduction of globin regulatory 

transcription factors, including BCL11A, KLF1, and MYB [52–56].

While enucleated blood cells can easily be used for transfusion purposes, since they do not 

pose concerns over genotoxicity, nucleated blood cells can also be derived from PSCs and 

may be useful as a source for cell replacement therapies. For example, granulocyte 

transfusion can be valuable to deal with complications in patients with neutropenia [57]. 

However, obtaining adequate numbers of neutrophils can be a challenge and there can be 

issues due to immunologic incompatibility. Therefore, differentiation of human PSCs toward 

neutrophils and transfusion back into the same patient could overcome these limitations. In 

addition, T lymphocytes, particularly when modified using chimeric antigen receptors or 

other targeting approaches, can be valuable to direct immunologic attacks again cancerous 

cells [58–60]. While protocols for mature T lymphocyte production from PSCs need to be 

further developed and improved, if mature T cell subtypes could be obtained from PSCs that 

can readily be manipulated in vitro, such cells may allow for dramatic improvements for 

immune cell therapies in patients with cancer refractory to standard therapies.

Autologous transplantation of HSCs

While numerous blood disorders can be cured with HSC transplantation, its application is 

often precluded by the lack of human leukocyte antigen (HLA)-matched donors [1]. Similar 

to the production of blood products, autologous approaches where the genetic lesion is 

corrected ex vivo, known as gene therapy, have been proposed for HSC transplantation and 

are currently undergoing clinical trials (Table 1) [61,62]. In this process, HSPCs are 

harvested, the mutation is corrected in a subset of these cells by introduction of exogenous 

genes (e.g. the gene mutated in a particular disorder) by viral or other methods, and the 

corrected cells are transplanted back into a patient [61,62]. However, the success of gene 

therapy has been limited due to safety issues with viral vectors and complications of 

insertional mutagenesis [62]. Moreover, the observation that HSCs tend to differentiate 

rather than undergo self-renewal over long periods of in vitro culture coupled with the low 

efficiency of viral transduction further hinders the successful correction of the underlying 

mutation in the majority of progenitor cells [61,63,64]. CRISPR-Cas9 and other versatile 

genome editing tools hold substantial promise to be able to enable more precise gene 
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correction or modification than has been possible using traditional gene therapy approaches, 

which have primarily relied on exogenous gene addition (Table 1) [65]. However, precise 

correction of mutations in HSPCs remains extremely inefficient, often results in disruptive 

mutations instead of the desired changes, and the editing occurs preferentially in progenitors 

rather than long-term engrafting stem cells [66–69]. Indeed, attempts to correct a sickle cell 

mutation primarily resulted in gene disruption and the approach was extremely inefficient 

[69]. It is likely that additional advances, such as the use of genome editing tools that do not 

rely upon DNA breakage could allow more precise and efficient editing approaches [70]. 

Therefore, an alternative approach is to use genome editing of differentiated blood cells and 

then convert these cells into HSCs through reprogramming approaches, as has been achieved 

in mice [71,72]. While such reprogramming has not been achieved yet in humans, it is likely 

that important advances will be made in the near future. Recent groundbreaking studies have 

also succeeded in producing engraftable human hematopoietic cells reprogrammed from 

endothelial cells with a group of transcription factors, including FOSB, GFI1, RUNX1, and 

SPI1, followed by the co-culture with vascular niche cells (Table 1) [73]. However, these 

reprogramming methods remain inefficient and require co-culture approaches that may be 

challenging to translate to clinical settings. With additional follow up studies and 

improvement of such approaches, it may be feasible in the future to produce HSCs from 

endothelial or other patient-derived cells (Figure 1). Indeed, recent studies have shown that 

more mature hematopoietic progenitors can be obtained through such reprogramming 

approaches [56,73–75].

As an alternative approach, the concept of obtaining PSCs derived from a patient, correcting 

the underlying mutations found in these cells with genome editing tools, selecting clones 

with desired modifications, and differentiating cells derived from specific clones to become 

transplantable HSCs has tremendous potential and is a holy grail of regenerative medicine, 

since this same approach could be applied to derive any tissue of interest in theory (Figure 1) 

[76]. However, there are several issues that must be surmounted in order for PSC-derived 

HSCs to become clinically useful. First, it is not currently possible to convert PSCs to long-

term engrafting HSCs, although important advances are being made. Advances in 

understanding normal human development, where the first transplantable HSCs can be 

detected around gestational day 30–35 in the aorta [77,78], may lead to improved methods 

for deriving HSCs. During gestation, HSC emergence occurs in a limited time window from 

a unique endothelial population known as the hemogenic endothelium (HE) [79]. Recent 

studies have shown that similar transitions can be achieved from PSC-derived cells, which 

suggests that we are getting closer to recapitulating the process of de novo HSC formation in 
vitro.

Soon after the initial derivation of human embryonic stem cells (ESCs) and the generation of 

human induced pluripotent stem cells (iPSCs), a number of laboratories have attempted to 

differentiate these cells toward the hematopoietic lineages [76]. Although different lines 

exhibit variation, multipotential hematopoietic progenitors defined by both surface markers 

and colony-forming ability have been successfully differentiated from human PSCs (Table 1) 

[76]. Nevertheless, the generation of engraftable and functional HSCs with the ability to 

reconstitute all blood lineages when transplanted into lethally irradiated immunodeficient 

recipient mice – the gold standard assay for human HSC activity that currently exists – has 

Kim and Sankaran Page 6

Exp Hematol. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



not yet been achieved. Enforced expression of specific transcription factors, including 

HOXA9, ERG, and RORA, or co-culture with vascular niche cells that activate Notch 

signaling encourages the production of hematopoietic progenitors from human PSCs and can 

allow short-term and low-level engraftment, although there is clear lineage-bias in such cells 

(Table 1) [80,81]. In addition, some studies have shown that engraftable hematopoietic cells 

can be generated in vivo via teratoma formation from human PSCs (Table 1) [82,83]. 

Together, these studies suggest that human PSCs can indeed be differentiated toward HSC-

like cells if the proper signals or microenvironmental cues are provided. Improving our 

understanding of the mechanistic regulation of the process of HSC formation from HE will 

likely provide important insight into how this process can be modulated in vitro.

Recently, cell surface markers have allowed for enrichment of HE cells with hematopoietic 

potential from other endothelial cell types derived from PSCs. The HE was shown to be 

enriched in the population of cells that are CD34+CD73−CD184−, whereas arterial and 

venous endothelium are separately defined as CD34+CD73medCD184+ and 

CD34+CD73highCD184−, respectively [84]. Using these surface markers, we can now enrich 

and perform functional studies of HE derived from PSCs. One important question to address 

using this system is whether engraftable HSCs can be generated from the derived HE or if 

the HE obtained with these approaches only has the potential to produce progenitors from 

the earlier embryonic waves of hematopoiesis. Understanding variation in timing, signaling 

pathways, and culture conditions will be important to be able to derive HSC-competent HE 

from PSCs. Such insight is likely to be gained through in depth studies of human 

hematopoietic development and the molecular regulation of this process.

Conclusions

Donor-dependent blood cell therapies are commonly used in clinical practice, but their 

potential is often limited for a variety of reasons, as we have discussed in this review. Many 

patients cannot find an appropriate donor source and enabling production of blood cells from 

any patient would increase the range of applications for cell therapies. Autologous blood cell 

therapies - both from terminally differentiated cells and from HSCs - have the potential to 

dramatically improve our ability to treat many devastating blood disorders (Figure 1). 

Indeed, there is already tremendous potential being shown from the field of gene therapy, 

where numerous blood disorders have been cured through such approaches. The field of 

PSC differentiation has rapidly developed, as has our understanding of human hematopoiesis 

and its molecular regulation. Nonetheless, we have a considerable amount to still learn and 

we also must identify strategies to harness this understanding to improve upon our ability to 

produce autologous blood cell therapies.
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Highlights

• Mature blood cells can be produced ex vivo by recapitulating in vivo 
processes

• Scalable blood cell generation is a critical step for obtaining transfusion 

products

• HSCs generation has not yet been achieved, but advances are being 

made

• Insight from human development will improve our ability to make 

blood cells in vitro
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Figure 1. Strategies for producing and applying autologous blood cell therapies
Autologous transplantation and transfusion cell sources can begin with the isolation of 

mature cells or progenitors, such as are found in peripheral blood mononuclear cells. Such 

mononuclear cells can either be directly differentiated toward mature blood cells or can be 

directly reprogrammed into desired cell types, including hematopoietic stem cells (HSCs). 

Pluripotent stem cells can be differentiated into downstream mature blood cells, including 

RBCs, platelets, monocytes, granulocytes, and lymphocytes, or potentially HSCs for 

autologous transplantation. The solid lines represent approaches that can currently be 

robustly performed, while the dashed lines represent approaches that are currently being 

developed or that will require further refinement.
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Table 1

Summary of approaches for deriving HSPCs and mature blood cells.

Blood product Starting source Approaches References

RBCs HSPCs Cultures with cytokines, co-cultures, and/or genetic perturbations [11,13–16,85–89]

RBCs PSCs Cultures with cytokines, co-cultures, and/or genetic perturbations [12,13,16,28–31]

Platelets HSPCs Cultures with cytokines and/or co-cultures [22–24,90,91]

Platelets PSCs Cultures with cytokines, co-cultures, and/or genetic perturbations [32–36,44]

Platelets PSCs Bioreactors with cytokines [25,26]

M, G, L PSCs Cultures with cytokines and/or co-cultures [37–43]

HSPCs HSPCs Gene therapy (addition) [92–94]

HSPCs HSPCs Genome editing [66–69]

HSPCs Endothelial cells Direct reprogramming and co-cultures [73–75]

HSPCs PSCs Cultures with cytokines, co-culture, and/or genetic perturbations [80,81,95,96]

HSPCs PSCs By teratoma formation [82,83]

M = Monocytes; G = Granulocytes; L = Lymphocytes
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