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S

ince the dawn of medicine, scientists have carefully observed,
modeled and interpreted the human body to improve healthcare.
At the beginning there were drawings and paintings, now there is
three-dimensional modeling. Moving from two-dimensional cultures
and towards complex and relevant biomaterials, tissue-engineering
approaches have been developed in order to create three-dimensional
functional mimics of native organs. The bone marrow represents a challenging organ to reproduce because of its structure and composition that
confer it unique biochemical and mechanical features to control
hematopoiesis. Reproducing the human bone marrow niche is instrumental to answer the growing demand for human erythrocytes and
platelets for fundamental studies and clinical applications in transfusion
medicine. In this review, we discuss the latest culture techniques and
technological approaches to obtain functional platelets and erythrocytes
ex vivo. This is a rapidly evolving field that will define the future of targeted therapies for thrombocytopenia and anemia, but also a long-term
promise for new approaches to the understanding and cure of hematologic diseases.
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Introduction
The importance of three-dimensional (3D) tissue systems has grown substantively in recent years as laboratory tools that recapitulate the physiological architecture
of native human tissues.1 The bone marrow represents a challenging organ to
reproduce because of its structure and complexity within the bone cavity.2 Recent
research in the field aims to overcome the problems by developing different 3D
models for the ex vivo production of blood cells. These systems can be used to
understand the process of hematopoiesis in normal conditions and disease states
and as an innovative way to produce blood products for clinical needs.
More than 100 million units of blood are reported to be collected worldwide
every year. Nevertheless, in no country does the contribution of volunteers succeed
in coping with the growing demand, making it necessary to create alternative
methods for the production of blood cells.3 There is particular interest in the possibility of producing erythrocytes and platelets.
Platelets are needed more than other blood components because they are perishable. While erythrocytes can be refrigerated and used for up to 6 weeks and plasma
can be frozen for as long as a year, platelets must be kept at room temperature to
maintain their shape and function, which means that they have a shelf-life of only
5 days inside transfusion bags.4 Overall, blood products for transfusion are often
unavailable in low-income and middle-income countries.5,6 Furthermore, even in
developed countries, outside of large and medium-sized cities, hospitals can run
out of platelets and erythrocytes when donation rates are down, which occurs
mainly during the summer or public health emergencies, such as a pandemic. In the
last few years, emerging infectious diseases have captured the attention of the
transfusion medicine community and measures have been implemented to address
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concerns regarding potential transmission of prions and
viruses.7,8 The recent spread of Sars-CoV-2 has had a profound impact on the number of blood donations, blood
component supplies, and safety.9,10 The Sars-CoV-2 has a
long incubation period and causes asymptomatic infections in most people, which poses enormous challenges in
the recruitment of blood donors, necessitating the implementation of new screening guidelines for hemovigilance.
Indeed, during the lockdown, blood transfusion centers
experienced a dramatic drop in the number of volunteers
almost worldwide. Furthermore, several agents first
described decades ago still represent ongoing blood safety
risks that have not been adequately addressed. These
include several species of Babesia known to cause human
infections, which are being reported more frequently
every year, especially in the USA.11
Given all this background, ex vivo manufacture of erythrocytes and platelets is becoming an increasingly attractive approach for transfusion medicine. In this review, we
discuss the most recent scientific knowledge about mechanisms of erythrocyte and platelet production and technological advances in the field of bioengineering, which
together have led to the development of new laboratory
tools that mimic human bone marrow with different levels of complexity. The breakthrough of these approaches
will lead to the generation of highly defined and controlled microenvironments in a clinical-grade condition for
producing blood cell units on demand for transfusions.

Looking inside the bone marrow: an overview
on the origin of blood platelets and erythrocytes
in vivo
The formation of blood cells from hematopoietic stem
cells (HSC) occurs within the bone marrow through a
series of ever more differentiated progenitors under the
tight control of soluble and environmental factors that
cooperate in a framework known as the hematopoietic
niche.12 Within this context, millions of platelets and erythrocytes are generated each day from a common
megakaryocyte-erythroid progenitor cell that is recruited
towards final differentiation by thrombopoietin or erythropoietin (Figure 1).13 A subset of long-term HSC with
restricted myeloid-repopulating activity committed to the
erythro-megakaryocytic lineage has also been postulated.14,15
During their process of differentiation, both cell lineages
undergo characteristic morphological changes that lead to
the respective lineage consolidation. These include
nuclear polyploidization and cellular enlargement with
the development of cytoplasmic granules and the demarcation membrane system for megakaryocytes,16 while cell
size reduction and chromatin condensation accompanied
by increased production of hemoglobin can be observed in
erythroblasts.17 Both cell lineages face one crucial final step
at the end of their maturation. For megakaryocytes this is
elongation of thin pseudopods, known as proplatelets,
within the lumen of bone marrow sinusoids, where
platelet detachment from the proplatelet shaft can be
attributed mainly to turbulent blood hydrodynamics and
fluid shear.18 A recent study demonstrated that membrane
budding also contributes to supply the platelet biomass.19
For erythrocytes the crucial step entails expulsion of the
nucleus from erythroblasts, which leads to the formation
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of reticulocytes, and the loss of organelles and ribosomes
through autophagy/exosome-combined pathways.20
While cytokine-mediated priming is important to drive
hematopoietic cell commitment, the final steps are strictly
dependent on the interplay of different environmental
cues, including cell-to-matrix and cell-to-cell interactions.21,22 Both platelet and erythrocyte production are profoundly influenced by the composition and stiffness of the
extracellular matrix, which can model cell behavior
through mechanical and chemical signals via integrins and
mechano-sensitive ion channels.23-25 The protein tangle
shaping the extracellular matrix is mainly composed of
different types of collagen (I, II, III, V, XI), fibronectin,
laminins, and glycosaminoglycans, continuously remodeled in physiology and disease through specific proteases,
such as matrix metalloproteinases.26 It has been demonstrated that the softest substrates of the extracellular
matrix, such as fibronectin and type IV collagen, mainly
located in the medullary cavity and around sinusoids,
support megakaryocyte proliferation and proplatelet formation. In contrast, the endosteal surface, which is asymmetrically enriched with the stiff type I collagen, prevents
platelet production.27,28 Regarding erythropoiesis, the
interaction with fibronectin also supports cell proliferation and protects from apoptosis.29 Specialized niches
localized throughout the intratrabecular space support
erythrocyte maturation. Early erythroid progenitors are
closely associated with perisinusoidal leptin receptor-positive stromal cells that secrete stem cell factor to support
their maintenance,30 while the process of enucleation
takes place within erythroblastic islands, hematopoietic
sub-compartments composed of erythroblasts surrounding a central macrophage.31,32 Here, the interaction
between macrophages and erythroblasts, mediated by the
erythroblast-macrophage protein and integrins, is required
to facilitate proliferation and differentiation and provide
iron to the erythroblasts.33
In the light of all this knowledge, the top three challenges facing biomedical research today aimed at developing clinically relevant tools for ex vivo blood cell production are: (i) finding appropriate sources of stem cells; (ii)
identifying efficient culture conditions for their commitment; (iii) mimicking relevant features of the bone marrow microenvironment to support the final stages of erythrocyte and platelet production.

The artificial cell and stem cell pipelines for
obtaining functional platelets and erythrocytes
in vitro
Artificial blood cell production and hematopoietic
induction of stem cells have been studied to generate in
vitro fully functional platelets and erythrocytes (Figure 2).
Synthetic platelets able to adhere to subendothelial
structures have been constructed by functionalizing polymeric, liposomal or discoid albumin particles with recombinant glycoproteins or small peptides that bind to von
Willebrand factor and collagen.34 More recent advances in
the field include: highly deformable microgel platelet-like
particles, which tenaciously bind to fibrin fibers promoting clot contraction and stability;35 platelet-like nanoparticles, whose discoidal shape and flexible exterior enhance
platelet marginalization and aggregation;36 and artificial
dense granules consisting of liposomes that release factors
haematologica | 2021; 106(4)
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Figure 1. Bone marrow hematopoiesis. Schematic representation of the adult hematopoietic stem cell niche, showing various cell types and extracellular matrix components that influence the differentiation of blood progenitors. The hierarchical differentiation pathways of megakaryopoiesis and erythropoiesis are highlighted.
Megakaryopoiesis is typically characterized by an increase in cell size and ploidy, resulting in the final extension of long pseudopods, called proplatelets, which
release platelets into the bloodstream. Erythropoiesis entails several morphological and structural changes that give rise to basophilic, polychromatophilic and acidophilic erythroblasts. At the end of the terminal maturation reticulocytes are released into the bloodstream where they complete their maturation into mature erythrocytes. Mk: megakaryocyte; HSC: hematopoietic stem cell; CMP: common myeloid progenitor; MEP: megakaryocyte-erythroid progenitor. The figure was created
using Servier Medical Art templates licensed under a Creative Commons Attribution 3.0 Unported License (https://smart.servier.com).

activating the coagulation cascade.37
Hemoglobin-based oxygen carriers, either human or
bovine, have been proposed as erythrocyte surrogates, but
none has been licensed by the Food and Drug
Administration because of severe thrombotic adverse
effects caused by the nitric oxide-scavenging effect of the
hemoglobin molecule.38 However, successful cases of
compassionate usage have been reported,39,40 and one of
these products is currently used in South Africa in emergencies or when there is a clinical contraindication to
blood transfusion.41
Engineered nanostructures that mimic biophysical
actions of platelets and erythrocytes are therefore of interest. Advantages of their use would include no need of
refrigeration and of blood grouping and matching, but
they are not effective as native cells. Indeed, the functions
of native cells are not easy to reproduce and thus much
more effort has been focused on finding reliable sources of
stem cells to be differentiated in vitro.
Animal models have been widely used. Megakaryocytes
and erythrocytes can be obtained by flushing murine and
rat femora or differentiated from murine fetal liver progenitors.42,43 These are invaluable cell sources for studying the
basic mechanisms of hematopoiesis and for providing
proof of principle of new translational approaches for
making blood cells available for transfusion. However,
beyond ethical issues related to their intensive use in scihaematologica | 2021; 106(4)

ence, interspecies differences can render animals poor predictors of human physiology and their usage for clinical
purposes is not conceivable.
Umbilical cord blood is a rapidly available source of
human HSC that can be efficiently differentiated into primary cultures of erythroblasts or megakaryocytes.44,45
Umbilical cord blood HSC have been used to establish
immortalized human erythroid progenitor cell lines able
to produce enucleated erythrocytes.46 The main practical
advantages of using umbilical cord blood are the relative
ease of procurement, the lowest possibility of viral contamination and the absence of risk for mothers and
donors. Nevertheless, active limitations remain the
dependence on donors and the restricted availability to
research teams. Finally, umbilical cord blood CD34+ cells
are stem cells of fetal/neonatal origin that give rise to cells
that have distinct features from those of adult cells, such
as a high proliferation rate and high percentages of fetal
hemoglobin in the case of erythrocytes.47-50
Methods for obtaining human adult megakaryocytes
from peripheral blood or bone marrow HSC have been
tested and have provided invaluable data about mechanisms of platelet production in disease states due to inherited or acquired mutations in genes relevant for the control
of megakaryopoiesis.51 Giarratana et al. also used peripheral blood HSC to generate a homogeneous population of
erythrocytes that were functional in terms of deformabil949
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ity, enzyme content, capacity of their hemoglobin to
fix/release oxygen, and expression of blood group antigens.52 Nevertheless, these cell sources usually derive from
clinical procedures and can be rare and difficult to obtain.
They require a continuous supply of donors due to the
limited expansion potential, making it difficult to hypothesize their usage for clinical applications. In this regard,
Trakarnsanga et al. developed an alternative approach,
immortalizing early bone marrow adult erythroblasts and
generating a stable line functionally identical to adult
donor erythrocytes.53 This cell line revealed promising
properties for manufacturing red blood cell products and
as a research tool for the study of erythropoiesis in health
and disease. Compared to umbilical cord blood-derived
immortalized human erythroid progenitor cell lines, this
source demonstrated better performance and recapitulation of adult erythropoiesis.54

The need for cells that could overcome the limits related
to donor dependence have prompted researchers to use
human embryonic stem cells (hESC) and human induced
pluripotent stem cells (hiPSC). hESC have been grown
either on stromal cells or in feeder-free and serum-free cultures to produce platelet-like particles displaying functional and morphological features comparable to peripheral
blood platelets, but with limited long-term self-replication
of megakaryocyte progenitors and consequent yield of
platelets.55 hESC have also been proposed as a source of
stem cells to generate universal red blood cells,56 but with
some limitations in terms of cell survival and end-stage
maturation.
Good outcomes have been obtained with hiPSC, which
overcome ethical concerns related to the use of cells of
embryonic origin. The physiological features of hiPSCderived megakaryocytes resemble those of peripheral

Figure 2. Overview of sources of stem cells for producing platelets and erythrocytes in vitro. Different stem cell sources have been studied for their potential to generate platelets and erythrocytes in vitro. Primary cells can be obtained either from human or mouse bone marrow, or derived from human peripheral blood and umbilical cord blood hematopoietic stem cells. Furthermore, immortalized cell lines have been generated from human embryonic stem cells, human-induced pluripotent
stem cells and adipose-derived mesenchymal stromal/stem cell lines. HSC: hematopoietic stem cells; hESC: human embryonic stem cells; hiPSC: human-induced
pluripotent stem cells, ASC: adipose-derived mesenchymal stromal/stem cells. The figure was created using Servier Medical Art templates licensed under a Creative
Commons Attribution 3.0 Unported License (https://smart.servier.com).
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blood platelets in many aspects, including morphology,
expression of lineage-specific antigens, and ability to
aggregate in response to agonists.18,57 A major advantage of
hiPSC is the possibility of using human leukocyte antigenmatched hiPSC or cells genetically engineered to lack certain antigens in order to produce platelets that would not
be rejected by the recipient.58 Alternatively, as hiPSC can
be generated from any donor, they are theoretically suitable for generating a bank of phenotypically matched erythrocytes. Various research groups have published methods for generating red blood cells from hiPSC59,60 albeit
with some concerns about the expression of hemoglobin
and enucleation potential, which could not be achieved in
the context of in vitro differentiation, unless in the presence
of feeder cells or after injection into mice recipients.
Therefore, although very attractive, both hESC and hiPSC
might not represent the best choice of stem cells for producing blood components. In most cases the differentiation protocols are long and expensive. Indeed, high costs
for generating, validating, and maintaining these cell lines
should be considered.61 Finally, there is still the concern
that any cellular product derived from them could be
oncogenic or teratogenic,62 given the potential genomic
instability of these stem cell lines.
To overcome these limitations, the latest stem cell source
to be investigated has been adipose tissue, which has the
advantage of being ubiquitously available and easily accessible in large quantities with minimally invasive harvesting
procedures. Ono-Uruga et al. recently demonstrated that

the production of endogenous thrombopoietin is involved
in megakaryocyte differentiation and platelet production
from adipose-derived mesenchymal stromal/stem cell
lines.63 The lack of specific markers for the identification
and isolation of this subset of stem cells and the absence of
standardized isolation and culture protocols make it difficult to translate this approach into different laboratories.64

Finding the route towards differentiation:
cytokines instruct but are not enough
It is conceivable that a regular, non-donor-derived supply of erythrocytes and platelets could be achieved in the
near future, thus making it necessary to define the best
culture conditions to maximize the yield of platelets generated per single megakaryocyte, as well as the number of
enucleated erythrocytes obtained in vitro (Figure 3).
Recombinant human thrombopoietin is commonly
used to produce megakaryocytes.65-67 Thrombopoietin
analogs, such as eltrombopag and romiplostim, have been
tested in culture but their use for ex vivo platelet manufacturing is still limited because they can induce proliferation
of immature progenitors.68,69 Thrombopoietin and its
analogs are combined with a wide variety of cytokines
including stem cell factor and interleukins (e.g., IL-3, IL-6,
IL-11) which synergize to produce very pure populations
of mature megakaryocytes forming proplatelets without
the need for serum supplementation or co-culture with

Figure 3. Overview of soluble factors used in the production of platelets and erythrocytes in vitro. Different cocktails of cytokines, pharmacological agents and/or
co-culture with feeder cells have been used to generate platelets and erythrocytes in vitro. HSC: hematopoietic stem cell; FLT3: Fms related tyrosine kinase 3; SCF:
stem cell factor; IL: interleukin; IGF-1: insulin-like growth factor-1; TPO: thrombopoietin; EPO: erythropoietin; SR1: stemRegenin 1; AhR: aryl hydrocarbon receptor.
The figure was created using Servier Medical Art templates licensed under a Creative Commons Attribution 3.0 Unported License (https://smart.servier.com).
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feeder cells.65-67 Other strategies include the use of serotonin, which supports megakaryocyte maturation and
proplatelet formation by activating biochemical pathways
and through modulation of cytoskeleton dynamics.70 The
cytoskeleton is responsible for controlling membrane stiffness and resistance to deformation of megakaryocytes
induced by environmental pressures. Inhibition of the
actomyosin cytoskeleton by blebbistatin and Rho/ROCK
inhibitors can soften the membrane and facilitate the fragmentation of megakaryocytes.71,72 However, given the
importance of cytoskeleton remodeling during the whole
process of differentiation, such treatments should be
administrated only to mature megakaryocytes at the stage
of proplatelet formation. StemRegenin1, an antagonist of
the aryl hydrocarbon receptor, was shown to specifically
increase the expansion of CD34+CD41low early megakaryocytic progenitors and to promote the capacity to generate
proplatelets and platelet-like elements.73 Subsequently, a
high throughput screening by Seo et al. identified new
inducers of megakaryocyte maturation and platelet production, such as CH223191, Wnt-C59 and TCS359,
respectively inhibitors of the aryl hydrocarbon receptor
and of the Wnt and Fms-like tyrosine kinase 3 pathways.74
However, studies on their mechanisms of action are needed before a conceivable application for clinical purposes.
Most of the cited compounds have been studied in liquid cultures that lack the shear forces of blood flow to support the elongation process and platelet release. To face
this challenge, microfluidic chips with flow chambers and
fenestrated barriers functionalized with extracellular
matrix components have been proposed.75-77 Thon et al.
established the first microfluidic chip. The device was
made of transparent silicon and supported high-resolution
live-cell microscopy and quantification of platelet production. It consisted of upper and lower microfluidic channels
separated by a 2 mm fenestrated barrier. Megakaryocytes
were seeded in the upper channel and extended proplatelets through the slits.75 Later on, aiming to increase
the yield of collected platelets, Avanzi et al. created an
innovative bioreactor made of a pseudo-3D membrane,
either a nanofiber membrane or a polyvinyl chloride filter,
placed between two 3D-printed flow chambers. The
upper side of the membrane housed megakaryocytes, and
the lower compartment was a flow chamber destined to
harvest platelets.76 Blin et al. designed an evolution of these
chips.77 Their microfluidic device consisted of a
microchannel textured with organized micropillar arrays
coated with von Willebrand factor to anchor megakaryocytes while promoting platelet rolling into the flow. All
these systems were able to provide a hydrodynamic shear
supporting proplatelet elongation and fragmentation into
platelets, but still with low efficiency in terms of numbers
for clinical application because of their micro-scale nature.
Two- to four-phase cultures using combinations of erythropoietin and various growth factors, steroids and
cytokines, with or without serum and/or feeder layers
have been developed to reproduce complete erythropoiesis. A multistep process is needed to control the fine
balance between cell expansion, differentiation and maturation. Cell expansion at the stage of stem cell progenitors
has been carried out in the presence of stem cell factor,
thrombopoietin and/or Fms-like tyrosine kinase 3.78 Delta
1 Notch ligand increased the proliferation rate of early
progenitors but the differentiation process was delayed in
this culture.79 Insulin-like growth factor 1 has been used to
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promote stem cell survival and to guide erythroid differentiation, and it has been validated as a promoter of nuclear
condensation but not of enucleation.80,81 Erythroblast enucleation is thought to be largely dependent on signals
mediated by macrophages, but mimicking erythroblastic
islands is challenging and different approaches have been
proposed to enhance its occurrence in vitro. The basic
method consists of seeding erythroid cells with feeder
cells, such as murine and human stromal cells or human
monocyte-derived macrophages, but differing effects on
maturation and enucleation have been reported.49,82,83
Recently, Lopez-Yrigoyen et al. established genetically
programmed hiPSC-derived macrophages to develop an
elegant approach of co-culture with umbilical cord bloodand hiPSC-derived erythroid cells that demonstrated efficient maturation and enucleation,84 although the presence
of feeder cells could make it difficult to isolate pure, noncontaminated erythrocytes. A second approach is to inject
erythroid precursors into immunodeficient mice in order
for the cells to complete their maturation, but this is clearly not applicable for obtaining cells for clinical purposes.52
In a third approach different protocols have been developed to produce enucleated erythroblasts in the absence
of feeder cells, including culture with a cytoprotective
polymer called poloxamer 188 which increases membrane
stability during the enucleation process.85 The fourth
approach involves seeding cells in agitated bioreactors systems. Timmins et al. used a commercially available device
consisting of a rocking platform that guaranteed homogeneous mixing with low shear.86 In this system feeder cells
were not essential for proficient expansion and terminal
differentiation of erythrocytes. The same results were
obtained with a bottle-turning device culture system87 and
more recently with a stirred‐tank bioreactor.88 Culture in
suspension is an approach that can be used for large-scale
production of blood cells, including megakaryocytes.
Constant agitation during culture, generated by a rotary
cell culture system and stirred spinner flasks, demonstrated the ability to produce platelets.89 More recently, the
group of Koji Eto used big tank bioreactors to develop a
scalable, controllable, turbulent flow-based system for
platelet generation.18 The breakthrough of the big bioreactors was their ability to guarantee appropriate oxygenation and prevent cell conglutination while providing
dynamic flows mimicking those of the bloodstream.
In most of these conditions erythrocytes and platelets
look immature; in particular, erythrocytes appear macrocytic with a large amount of fetal hemoglobin and platelets
appear larger with immature granules. It is known that cultured megakaryocytes of any origin produce fewer platelets
per single cell than do platelets in vivo. We can hypothesize
that this is because they miss the physical environment of
the bone marrow which drives maturation of HSC and the
final production of erythrocytes and platelets in vivo. Thus,
one of the major challenges in this field of research is to
implement culture protocols with systems able to provide
the most favorable conditions for mimicking the bone marrow hematopoietic niche.

The rise and perspectives of the
three-dimensional bone marrow mimic
In the last decades, mechano-biological studies have
consolidated the importance of the physical environment,
haematologica | 2021; 106(4)
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namely 3D structure, topography, local stiffness, and
physical constraints, as a guiding cue for controlling ex vivo
survival, migration, differentiation and maturation of different cell types.90 In 2D cultures, cells are seeded in liquid
medium in a monolayer in the presence of molecules and
soluble factors diluted directly in the medium, but the
complexity of 3D tissues is completely lost. Currently, the
best approach to try to model the 3D complexity of native
human tissues ex vivo is to exploit biomaterials. Indeed, 3D
environments made of fibers/nanofibers, solid scaffolds,
and hydrogels have demonstrated the possibility to
enhance the culture area and to induce better expansion of
HSC during long-term cultures. We now discuss different
approaches that have been undertaken to support erythropoiesis and megakaryopoiesis ex vivo.

Erythropoiesis and erythrocyte production
in three-dimensional cultures
The study of erythropoiesis in three dimensions
remains marginal. Housler et al. customized a 3D compartmental hollow fiber perfused bioreactor.91 The system
was composed of a network of three independent bundles of capillaries, two of which were used for countercurrent medium perfusion and the third for oxygen and
carbon dioxide transport. The bioreactor enabled expansion of erythrocyte progenitors and enucleation of erythroblasts. In an effort to try to maximize enucleation and
recapitulate erythroblastic islands ex vivo, Lee et al. seeded
late erythroblasts derived from umbilical cord bloodderived stem cells in different macroporous scaffolds and
demonstrated the impact of the pore size on cell viability.
Interestingly, they found clusters of mature erythroblasts,
reminiscent of erythroblastic islands in the bone marrow,
which in turn increased the maturation status and enucleation rate.92 Fauzi et al. confirmed increased cell viability
and proliferation, proposing a 3D alginate hydrogel associated with a rotating wall vessel system cultured with
murine embryonic stem cells. This system demonstrated
that early exposure to stem cell factor guides the differentiation of cells toward the erythroid lineage and allows a
single-step culture for the production of definitive erythrocytes in 21 days.93 Allenby et al. further demonstrated
the importance of combining the 3D architecture with
flow, developing a perfused 3D hollow fiber bioreactor.94
Four ceramic hollow fibers were encased in a 3D
polyurethane porous scaffold incorporated in a perfusion
system that provided normoxic and hypoxic zones as in
the bone marrow environment. Specific ports in the circuit enabled medium and egressed cell sampling for extracellular metabolic, protein, and cell analysis. The wall
shear rate generated inside the system was estimated to
be similar to that in murine bone marrow vasculature.
The bone marrow-like environment of this bioreactor
enabled cells to be seeded at high density to obtain continuous erythropoiesis. In addition to large-scale production these tools are candidates as models to study normal
and abnormal erythropoiesis and for drug screening.
Recently, a 3D model of erythropoiesis, made with
polyurethane, was proposed to study erythroid failure in
myelodysplastic syndromes.95 To mimic the erythroblastic islands and enucleation process, primary bone marrow
cells from healthy subjects and myelodysplastic patients
were seeded in the 3D scaffold, which had a pore size
and distribution close to that of bone marrow architecture. The 3D culture enabled continuous expansion and
haematologica | 2021; 106(4)

complete maturation of erythrocytes over 4 weeks. Most
importantly, culture of CD34+ cells in 3D scaffolds facilitated the greatest expansion and maturation of erythroid
cells, including generation of erythroblastic islands and
enucleated erythrocytes.

Megakaryopoiesis and platelet production
in three-dimensional cultures
As already discussed, megakaryopoiesis is critically
influenced by the mechanics and biochemical composition of bone marrow. In an attempt to mimic such a structure in vitro, Currao et al. produced 3D hyaluronan hydrogels functionalized with extracellular matrix components
by photo-crosslinking.96 When cultured inside such a
structure, megakaryocytes demonstrated the ability to
form platelets into a collagen type IV enriched environment, while this function was almost abrogated in the
presence of collagen type I. The 3D culture in hydrogel
also showed, for the first time, the impact of physical constraints on megakaryopoiesis and mechano-transduction
pathways. In pullulan-dextran 3D hydrogel megakaryocytes were larger and had increased ploidy and expression of lineage-specific transcription factors.97
Methylcellulose hydrogels showed that viability and maturation are directly linked to stiffness of the environment.
Indeed, a stiff environment led to decreased survival and
growth of megakaryocyte progenitors, while in a less stiff
environment, megakaryocytes were more mature in terms
of ploidy and morphology of the demarcation membrane
system, which closely resembled that of bone marrow
megakaryocytes. After recovery and transfer into the liquid medium, proplatelet production increased two-fold,
due to the activation of mechano-transduction pathways
and to a different actomyosin rearrangement.98
Subsequently, Abbonante et al. demonstrated that the activation of TRPV4 (transient receptor potential cation channel subfamily V member 4), a membrane mechano-sensitive cation channel, regulates mechano-transduction pathways that, in turn, control thrombopoiesis on soft substrates.23 Specifically, human megakaryocytes cultured on
soft silk scaffolds (≤10 MPa) showed increased activation
of TRPV4, leading to calcium influx and increased platelet
production as a consequence of β1 integrin activation and
internalization and of Akt phosphorylation.
By putting together all the pieces of information, scientists have been trying to develop flow bioreactors that
mimic blood flow and allow better oxygenation and distribution of cytokines and nutrients during the 3D culture.
The first platelet bioreactor was presented by Sullenbarger
and colleagues. It was composed of a polycarbonate chamber with three disks of woven polyester or colloidal crystal
hydrogel with medium flowing under and over the disks
but not through them, thus limiting shear stress.99 The culture of CD34+ cells in this bioreactor allowed a long-term
production of platelets and a higher number of collected
platelets. Interestingly, when the oxygen concentration
within the device was set at a low level (5%), HSC expansion was increased and platelet production was decreased.
Contrariwise, culture at high oxygen tension (20%)
increased the production of platelets but lowered HSC
expansion.100,101 A different combination of oxygen tensions
at the beginning and at the end of the culture increased
both HSC expansion and the final yield of platelets. More
recently, Shepherd et al. developed a flow bioreactor based
on a two-layer collagen scaffold.102 The porous, structurally
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graduated scaffold was meant to support megakaryocyte
function by a bone marrow-like structure. To modulate the
pore size of the collagen scaffold, a two-stage freezing
technique was used, which created a variety of pore sizes
with larger pores in the top layer and small pores at the
bottom. Based on differential pore sizes this scaffold had a
sieving capacity that enhanced the purity of the platelet
output. Indeed, the bioreactor was conceived as a twin
chamber culture system, whereby one side of the chamber
allowed seeding of the cultured hiPSC-derived megakaryocytes into the scaffold, while cross-flow-generated shear
forces were able to induce platelet release. In these conditions, platelet production was improved significantly compared to that in 2D cultures. Using a different approach,
involving soft gel lithography, Kotha and colleagues were
able to use collagen hydrogels as a scaffold to create a
microvascular network.103 Endothelial cells were seeded in
the microvascular network to form endothelial vessels
with a lumen, while megakaryocytes were encapsulated
directly in the type I collagen hydrogel. Megakaryocytes
were able to migrate to the microvascular network and to
extend proplatelets. This bioengineered device provided a
tool to study the vascular-megakaryocyte interface during
thrombopoiesis. However, one limitation of this model
was the size of the vessel (around 100 mm), which was bigger than sinusoid vessels.
The search for biomaterials that can be chemically and
mechanically tailored to entrap bioactive molecules, such
as growth factors and extracellular matrix components,
while retaining bioavailability, has spawned research into
the use of silk fibroin as scaffolds. Silk fibroin from

Bombyx mori silkworm cocoons is a strong but elastic protein that is biocompatible, having low immunogenicity
and low thrombogenicity.104,105 Our group designed a silk
tube functionalized with components of the extracellular
matrix that support platelet production, such as
fibronectin, type IV collagen and laminin, and stromalderived factor-1α, surrounded by a type I collagen hydrogel and Matrigel or by a silk sponge.105 The structure of
the silk sponge was closer to the medullar topography
and enhanced adhesion and migration of cells within the
structure.105 In the vascular compartment, the presence of
stromal-derived factor-1α directed the migration of
mature megakaryocytes towards the silk tube. Platelets
collected with flow passing through the tube were functional and still alive 4 days after collection. It was also
shown that co-culture with a monolayer of endothelial
cells or functionalization of the silk tube with vascular
endothelial growth factor and vascular cell adhesion molecule 1 increases the yield of platelets. This model could
be easily adapted to study mechanisms of normal and
pathological megakaryopoiesis and for drug screening.69,105
In an attempt to scale-up platelet production for transfusions, multi-porous silk sponges have been investigated.106
These sponges were cultured within new modular flow
chambers with flow passing through the different pores
and megakaryocytes in direct contact with the flow. This
enhanced the capacity of platelet production, because of
the larger volume of perfusion that allowed an increase of
the concentration of cells in the sponge and because of the
softer environment functionalized with extracellular
matrix components that support proplatelet formation.

Figure 4. In vivo versus in vitro: an overview of different culture approaches for generating platelets and erythrocytes. In vivo cell maturation occurs in a complex
environment in which cells experience different mechanical and biochemical cues due to cell-to-cell and cell-to matrix interactions. In the classical in vitro two-dimensional culture, cell contacts, confinement and environmental biomechanics are lost; moreover cells in contact with the plastic are artificially polarized. In the threedimensional culture, topography and stiffness can be modeled to mimic the native environment. Only cell cultured in flow conditions can recapitulate blood hydrodynamics. Microfluidic devices have the ability to enable extension of proplatelets and the release of functional platelets. Three-dimensional bioreactors combine the
advantages of a three-dimensional environment with flow through the scaffold: mature cells can migrate toward the perfused compartment to release either mature
erythrocytes or platelets. Cell culture in agitated or stirred-tank bioreactors has been exploited to allow large-scale production of platelets or erythrocytes. 2D: twodimensional; 3D: three-dimensional. The figure was created using Servier Medical Art templates licensed under a Creative Commons Attribution 3.0 Unported
License (https://smart.servier.com).
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Conclusions
Replicating erythrocyte and platelet production ex vivo is
particularly challenging in the light of the unique architecture and composition of the native bone marrow microenvironment whose biochemical and mechanical signals
influence progenitor cell differentiation and function.12 Like
building a house brick-by-brick, tissue-engineering
approaches have combined all the knowledge collected
over years of in vivo and in vitro research on hematopoiesis
to develop bone marrow mimics with different levels of
complexity (Figure 4). Nevertheless, there are aspects that
still need to be addressed in order to increase the yield of
cells produced and thereby enable clinical advances. Bone
marrow mimics will need to be scaled-up several orders of
magnitude to produce 3x1011 platelets,107 the equivalent of
one apheresis platelet unit, or 2x1012 erythrocytes, the
number normally contained in one unit of blood. To
achieve this, the whole process has to become more costefficient to match the current prices of high-quality blood
products.108 According to a current estimate, producing a
number of erythrocytes in the desired range would cost
thousands of dollars per unit just in consumables, without
considering the investment in facilities, while the hospital
costs for donated samples are in the order of magnitude of
hundreds of dollars.109, 110 Producing blood on a commercial
scale will require substantial investment, and it will be
challenging to maintain momentum in the direction of
research and development of increasingly more efficient
bone marrow models. Future advancement in this field will
require scalable biomaterials and cell manufacturing techniques to produce blood cost-effectively in clinical-grade
conditions. Costs could be reduced if specific culture components were to be produced in a bulk. The field is moving
towards the discovery of novel agents, cytokines and/or
chemically defined media that could be competitively
priced compared to current reagents.74,111,112 However, it is
clear that optimization as well as research into safety and
stability are needed before clinical application. Other
approaches include genetic manipulation of human
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