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Abstract

A State of the Art lecture titled “Megakaryocytes and different thrombopoietic envi-
ronments” was presented at the ISTH Congress in 2022. Circulating platelets are
specialized cells produced by megakaryocytes. Leading studies point to the bone
marrow niche as the core of hematopoietic stem cell differentiation, revealing inter-
esting and complex environmental factors for consideration. Megakaryocytes take cues
from the physiochemical bone marrow microenvironment, which includes cell-cell in-
teractions, contact with extracellular matrix components, and flow generated by blood
circulation in the sinusoidal lumen. Germinal and acquired mutations in hematopoietic
stem cells may manifest in altered megakaryocyte maturation, proliferation, and
platelet production. Diseased megakaryopoiesis may also cause modifications of the
entire hematopoietic niche, highlighting the central role of megakaryocytes in the
control of physiologic bone marrow homeostasis. Tissue-engineering approaches have
been developed to translate knowledge from in vivo (inside) to functional mimics of
native tissue ex vivo (outside). Reproducing the thrombopoietic environment is
instrumental to gain new insight into its activity and answering the growing demand for
human platelets for fundamental studies and clinical applications. In this review, we
discuss the major achievements on this topic, and finally, we summarize relevant new
data presented during the 2022 ISTH Congress that pave the road to the future of
megakaryopoiesis.
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* Megakaryocytes take cues from the extracellular environment to produce platelets.

* Modeling megakaryopoiesis is instrumental to understand the mechanisms of platelet formation.

» Bioengineering approaches aim at guiding ex vivo collection of human platelets.

« Finally, we summarize the related new research presented at the ISTH Congress 2022 in London.

© 2023 The Author(s). Published by Elsevier Inc. on behalf of International Society on Thrombosis and Haemostasis. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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FIGURE 1 Megakaryopoiesis in the bone marrow. Schematic representation of the bone marrow microenvironment, showing key steps of
megakaryopoiesis. Megakaryocyte differentiation from hematopoietic stem cells occurs under the control of thrombopoietin, which acts in
synergy with other cytokines to promote an increase in cell size and ploidy. Mature megakaryocytes extend long pseudopods, called
proplatelets, into the lumen of sinusoids, where the flow of bloodstream, together with plucking neutrophils and other immune cells, allow
platelet detachment. Nonhematopoietic bone marrow cells (eg, mesenchymal stromal cells and adipocytes) and the extracellular matrix interact
with maturing megakaryocytes to support their differentiation and functions. ECM, extracellular matrix; HSC, hematopoietic stem cell; IL,
interleukin; MK, megakaryocyte; MSC, mesenchymal stromal cell; PPF, proplatelet formation; TGF-, transforming growth factor-g; TPO,

thrombopoietin.

1 | THE THROMBOPOIETIC BONE
MARROW MICROENVIRONMENT IN VIVO

Circulating platelets are specialized cells produced by megakaryocytes
in the bone marrow, a soft and viscous tissue located in the hollow
space of the bones (Figure 1) [1]. Bone marrow is composed of a mesh
of vasculature and extracellular matrix (ECM) components with bound
cytokines and growth factors.

Megakaryocyte differentiation from hematopoietic stem cells
(HSCs) is controlled mainly by thrombopoietin (TPO), which regulates
highly specific intracellular pathways, including activation of
biochemical signals, control of mitochondrial activity, modulation of
calcium flow, and expression of lineage-specific genes, which act in
concert to promote a unique program of endomitosis that drives nu-
clear polyploidization and cellular enlargement [2-5]. TPO synergizes
with additional cytokines, including stem cell factor and interleukins
(ILs), to induce megakaryocyte commitment and maturation [6-8].
Final lineage consolidation consists of the upregulation of megakar-
yocytic surface markers, the development of cytoplasmic granules,
and the formation of the demarcation membrane system [9-11].

Megakaryopoiesis occurs within subregions of the bone marrow,
termed niches, revealing interesting and complex environmental fac-
tors for consideration [12]. Local cell populations vary across the
marrow with (i) osteoblasts, osteoclasts, and chondrocytes concen-
trating close to bones, where immature megakaryocytes reside; and
(ii) mesenchymal stromal cells (MSCs) and endothelial cells lining the
perivascular space and vasculature, where mature megakaryocytes
enlarge and produce platelets. Depending on their localization,
megakaryocytes take cues from the surrounding microenvironment,
which provides distinct biophysical and biochemical signals, including
cell-cell interaction; gradients of biomolecular signals; and stiffness,
composition, and structure of ECM [13].

The endosteum plays a pivotal role in remodeling the surface of
the bones and provides an anatomic location for HSC maintenance
[14], and interaction with MSCs, endothelial cells, and adipocytes
dictates the fate of mature progenitors [15]. MSCs, mainly located in
the marrow space surrounding the vasculature, secrete ECM proteins
and cytokines that support megakaryopoiesis, including TPO, IL-6, IL-
11, and leukemia inhibitory factor [16,17]. Adipocytes also support
megakaryocyte maturation by secreting fatty acids that are taken up



DI BUDUO T AL.

by megakaryocytes via CD36 translocase to enhance ploidy, mem-
brane structure, and proplatelet formation [18].

Two distinct vascular niches have been described: the arteriolar
niche, mainly associated with the endosteal region and composed of
sympathetic nerve fibers and nestin® cells, and the sinusoidal niche,
where maturing blood cells interact with CXCL12-abundant reticular
cells. Arterioles exhibit lower permeability than sinusoids, represent-
ing the preferential site of megakaryocyte maturation and platelet
production. Periarteriolar nestint cells are primarily involved in
regulating HSC dormancy [19], while CXCL12-abundant reticular cells
surrounding sinusoids secrete CXCL12 [20], leading to the recruit-
ment of mature megakaryocytes, which elongate proplatelets into the
vessel lumen, where platelet detachment occurs [21]. Other chemo-
kines released by the endothelial cells, such as fibroblast growth
factor-4, vascular endothelial growth factor, and vascular cell adhe-
sion protein-1, contribute to supporting megakaryocyte proliferation
and maturation [22].

Mechanisms underlying the regulation of megakaryopoiesis also
involve ECM scaffolding, a dynamic structure that confers bone
marrow tissue tensegrity and compactness [23,24]. Depending on the
unique composition and distribution of the ECM components, the
bone marrow shows a regionally heterogeneous topography and very
low stiffness [25,26]. The protein mesh shaping the ECM is mainly
composed of glycosaminoglycans (GAGs), different collagen types (I, I,
I, V, and XI), fibronectin, and laminins, continuously deposited and
then remodeled by specific proteases, such as matrix metal-
loproteinases (MMPs). In addition to its structural function, this pro-
tein meshwork can model cell function via mechanical and biochemical
signals through integrins and mechanosensitive receptors that inte-
grate these messages into the cells.

Knowledge about the expression and role of GAGs in the bone
marrow and their relevance for the regulation of megakaryocyte
functions is rapidly growing, as recently reviewed by Falet et al. [27]
Several studies reported that heparin, heparan sulfate, dermatan
sulfate, chondroitin sulfate, and hyaluronic acid stimulate mega-
karyopoiesis [27]. Perlecan, a heparan sulfate proteoglycan, is abun-
dantly expressed in the bone marrow, where it regulates
megakaryocyte maturation and guides proplatelet formation in the
lumen of sinusoidal blood vessels through binding to the G6b-B re-
ceptor [28]. For most of the other GAGs, the precise role remains
unclear. Further insights are needed to clarify whether specific signals
and cytokines, including TPO, depend on GAG expression to regulate
platelet production.

The most abundant bone marrow ECM components, namely
fibronectin and type IV collagen, are located in the medullar cavity
and around sinusoids, the softest sites of the whole microenviron-
ment, where they support proplatelet formation by activating
phosphoinositide-3-kinase/Akt (PI3K/Akt) and mitogen-activated
protein kinases/extracellular signal-regulated kinase (MAPK/ERK)
signaling pathways via integrins and intracellular calcium flow via
ion channels, such as transient receptor potential cation channel
subfamily V member 4 [29,30]. The surface of the endosteum is

asymmetrically enriched with the stiffest ECM component, namely
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type | collagen, which prevents platelet production through the
activation of integrin ayp; and the Rho-ROCK pathway [23,24,31].
ECMs also possess topographic features ranging from nanometers
to a hundred micrometers that influence megakaryocyte behavior,
with rough surfaces, such as those of the complex microscale fibers
of type | collagen, negatively influencing platelet production, and
basement membrane proteins that exhibit a 3-dimensional (3D)
texture in the range of nanometers, sustaining platelet formation
[32].

There is a reciprocal interaction between the niche and mega-
karyocytes. Not only does the niche modify megakaryopoiesis but
megakaryocytes also aid in modifying the niche [13]. For instance, we
have demonstrated that megakaryocytes themselves secrete diverse
ECM components, such as fibronectin, laminin, and type IV collagen,
and profibrotic cytokines that contribute to building their protective
niche [23,33]. More recently, single-cell RNA sequencing expanded
the knowledge of megakaryocyte heterogeneity [34-36]. Particularly,
it has been shown that aside from platelet-forming megakaryocytes, at
least 5 additional megakaryocyte subpopulations exist, including “im-
mune” megakaryocytes and “niche-supporting” megakaryocytes, the
latter expressing high levels of genes associated with the ECM and its
remodeling. The bone marrow microenvironment undergoes contin-
uous adaptation by the action of proteolytic enzymes, belonging to the
metzincin family, which can degrade ECM components and affect the
biomechanical characteristics of the bone marrow. The metzincin
family comprises secreted and membrane-bound MMPs as well as
membrane-bound and secreted disintegrin and metalloproteases.
Megakaryocytes express several MMPs, including MMP-2, MMP-9,
MMP-14, MMP-24, and MMP-25, which confer collagenase activity to
allow elongation of proplatelets and podosomes through the base-
ment membrane of the bone marrow sinusoids. In addition, mega-
karyocytes can rearrange the ECM through proteolytic activity and by
exhorting active tensile forces [37-39].

2 | DYNAMICS OF PLATELET FORMATION
IN THE BLOODSTREAM

Platelets are produced by mature megakaryocytes through the for-
mation of proplatelets, long, branched pseudopods that assemble
nascent platelets at their terminal ends. However, in the past decade,
whole-organ imaging techniques opened new scenarios to the un-
derstanding of the mechanisms of thrombopoiesis using mice.

Junt et al. [21] first observed in vivo thrombopoiesis using intra-
vital 2-photon microscopy (2P-IVM) in mouse skull bone marrow.
They demonstrated that mature megakaryocytes, located close to
bone marrow sinusoids, extend proplatelets into the vessel lumen,
where platelets are released. The same group clarified that a trans-
endothelial gradient of the bioactive sphingolipid sphingosine 1-
phosphate navigates proplatelet extension into sinusoids [40]. By
combining 2P-IVM and light-sheet fluorescence microscopy, Stegner
et al. [41] observed that megakaryocytes and their progenitors are

widely distributed in the bone marrow, with a minimal migratory
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capacity and prominent localization along sinusoids, indicating that
they are replenished by progenitors in close spatial proximity.

Here, platelet detachment from the proplatelet shaft can be
attributed primarily to blood hydrodynamics and fluid shear.
Measuring blood flow in vivo in human bone marrow vessels is chal-
lenging. Observation of bone marrow scalps from enhanced
green fluorescent protein mice using 2P-IVM and particle image
velocimetry demonstrated the presence of high turbulence in mouse
vessels around moving proplatelet shafts and released platelet parti-
cles but not near resting megakaryocytes that were preferentially
exposed to continuous laminar flow patterns, thus demonstrating that
the fluid parameters are critical features of platelet production [42].

Intravital visualization of mouse thrombopoiesis recently revealed
a previously unexplored path to platelet biogenesis. By plucking on
proplatelets, neutrophils accelerate their growth and release into
following  CXCR4-CXCL12-dependent
migration toward perisinusoidal megakaryocytes, neutrophils actively

circulation.  Particularly,
pull on proplatelet shafts and trigger myosin light chain and ERK
activation through reactive oxygen species [43]. Following myocardial
infarction, the “plucking” neutrophils can drive the release of reticu-
lated platelets, which boost the risk of ischemia. Aside from neutro-
phils, the group of Prof Hoffmeister recently demonstrated that
plasmacytoid dendritic cell-like cells sense the desialylated Thomsen-
Friedenreich antigen on megakaryocytes, which induces interferon-1
secretion and inhibits platelet release, thus paving the way to un-
derstand the molecular mechanisms of immune-mediated thrombo-
cytopenia [44].

Alternative to proplatelet formation, megakaryocyte rupture,
namely cytoplasmic fragmentation and rapid release of high platelet
numbers, may occur to answer acute platelet needs during inflam-
mation under the control of IL-1a [45]. Membrane budding has also
been proposed to sustain the physiologic release of platelets directly
into the peripheral circulation to supply the platelet biomass in mice
[46].

In vivo approaches also opened perspectives for the study of
thrombopoiesis in new and unexpected anatomic locations. Evidence
that platelet biogenesis occurs in mouse lungs drew interest [47].
Similarities between bone marrow and lung microenvironments can
be observed. The spongy lung parenchyma is sustained by type | and
type Il collagen and elastic fibers, composed of elastin and microfi-
brils, which are mostly fibrillin and fibulin, embedded in a matrix of
GAGs [48]. In addition, normal human lung parenchyma shows an
elastic modulus in the range of soft bone marrow tissue [49]. How-
ever, lung megakaryocytes display key immune regulatory roles
dictated by the tissue environment distinct from their bone marrow
counterparts. Particularly, lung-associated immune molecules skew
the megakaryocyte profile toward roles in immunity and inflammation,
such as processing of antigenic proteins and bacterial pathogens to
induced CD4* T-cell activation [50].

All recent findings on new mechanisms and sites of platelet pro-
duction in mice open new avenues of investigations but need confir-
mation in humans, for whom proplatelet formation in the bone

marrow is still considered the major trigger of physiologic

thrombopoiesis. Limitations arise from technical challenges in inves-
tigating intact human tissues using live-cell imaging. The best
approach to try to gain insights into the mechanisms of human
thrombopoiesis mainly relies on the possibility of translating knowl-
edge from in vivo (inside) to ex vivo exploitation of bone marrow-like
tissues (outside).

3 | BONE MARROW TISSUE ENGINEERING
TOWARD FUNCTIONAL MIMICS OF HUMAN
MEGAKARYOPOIESIS

Reproducing a real 3D human bone marrow niche is instrumental to
answering the growing demand for human blood cell production
ex vivo to foster either mechanistic studies of normal and malignant
hematopoiesis and for validation of novel pharmacologic therapies or
clinical applications in the field of transfusion and regenerative med-

icine (Figure 2).

3.1 | Moving from 2-dimensional (2D) to 3D culture
In vitro, culture conditions lack the bone marrow physical microenvi-
ronment. In classical 2D culture, cells are seeded in liquid media
containing cytokines and growth factors but lose the complexity of 3D
tissues. In a dish with liquid medium, the physical environmental
components are very poor and far from the native ones. There is no
confinement, no physical constraints, and no stiffness, except those
deriving from the contact with the plastic bottom of the dish, which
can create artificial cell polarization. Some strategies have been tested
to complexify the 2D culture, such as the use of coculture systems
and/or coating dishes with ECM components. Human megakaryocytes
cocultured with endothelial cells and/or MSCs or seeded onto a thin
layer of soft ECM components, such as fibrinogen, fibronectin, and/or
type IV collagen, demonstrate increased proplatelet production.
[32,51,52]

For a long time, the use of 3D hematopoietic cell culture was
restricted to clonogenic assays [53]. Culture in organoids has been
recently proposed to recreate a bone marrow-like 3D microenvi-
ronment. Organoids were generated from induced pluripotent stem
cells committed to mesenchymal, endothelial, and hematopoietic lin-
eages [54]. These 3D structures were able to mimic key features of
human bone marrow, including stroma, lumen-forming sinusoids, and
differentiation of proplatelet-forming megakaryocytes, either under
physiologic or pathologic conditions. Interestingly, fibrosis of orga-
noids occurred following transforming growth factor (TGF)-f stimu-
lation and engraftment with cells from myelofibrosis but not healthy
donor-derived cells, thus demonstrating possibilities for studying
bone marrow malignancies. Nevertheless, organoids can face chal-
lenges such as breakthroughs in harvesting and usage of cells for
clinical application, automation, reproducibility, and time efficacy [55].

As an alternative, bioengineering approaches have been proposed

to provide 3D scaffolding for bone marrow mimics using natural and
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FIGURE 2 Platforms for studying megakaryopoiesis and platelet production. The knowledge from studies of the native bone marrow niche
of mice and humans helps in developing methods for reproducing megakaryopoiesis ex vivo. A versatile silk bone marrow tissue model has been
used to tailor conditions for producing human platelets and testing the efficacy of thrombopoietic drugs in thrombocytopenic patients.
Approaches to efficiently culture human megakaryocytes ex vivo may translate into new possibilities for personalized approaches to cure
megakaryocyte/bone marrow pathologies. 2D, 2-dimensional; 3D, 3-dimensional.

synthetic polymers having different compositions and complexity.
Reactive hydrogel made of hyaluronan and ECM components
demonstrated effective support of thrombopoiesis in a soft 3D
microenvironment [56]. Instead, nonreactive hydrogels composed of
pullulan-dextran or methylcellulose have been used [57,58] to test the
impact of physical constraints and environmental stiffness on mega-
karyopoiesis regardless of their biochemical composition. Of note,
megakaryocyte size, ploidy, and expression of lineage-specific tran-
scription factors were increased in the 3D cultures. This was accom-
panied by larger proplatelet production, with the softest
microenvironments better supporting thrombopoiesis. A key limita-
tion of these models is the lack of sinusoidal-like vessels to reproduce
the key flow hydrodynamics of highly vascularized native bone

marrow tissue.

3.2 | Microfluidic insights into thrombopoiesis
Microfluid chips represented the first approaches to generate a per-
fusable bone marrow-like system [59,60]. The first organ on chip for

specifically making platelets was established by Thon et al. [61] The

device was made of transparent poly(dimethylsiloxane) to support live
imaging of platelet production. The device consisted of upper and
lower microfluidic channels separated by a fenestrated barrier.
In vitro-derived megakaryocytes, either from mice or from human
induced pluripotent stem cells (hiPSCs), were seeded in the upper
channel and extended proplatelets through the slits. This channel was
filled with Matrigel or alginate hydrogel, and the lower channel was
coated with endothelial cells to mimic vasculature. The perfusion was
performed through a syringe pump and controllable shear rates across
the chip to collect an average of 30 platelets per megakaryocyte. Later
on, Avanzi et al. [62] created a flow chamber containing biocompatible
membranes to allow human megakaryocytes to extend proplatelet
processes into a flow through generated by hydrodynamic shear
forces that can promote the harvesting of up to 100 platelets per
input megakaryocyte. The microfluidic device created by Blin et al.
[63] consisted of microchannels textured with organized micropillar
arrays coated with von Willebrand factor to favor human megakar-
yocyte anchor and trapping. Channels were disposed in a serpentine
shape to fit the dimensions of a single glass slide, thus allowing mi-
croscope observation of the whole system. The elongation and frag-

mentation of proplatelets were achieved by high hydrodynamic shear
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to produce approximately 4 platelets per megakaryocyte. A uniform-
shear-rate bioreactor was also established, consisting of a microfluidic
system with well-defined flow patterns and uniform shear profiles
[64]. The device allowed real-time visualization of the proplatelet
formation process and rapid release of individual platelet-like particles
from human megakaryocytes.

Despite their valuable approach to recording platelet production
ex vivo under physiologically relevant hydrodynamic shear stress,
these systems do not mimic key features of the 3D bone marrow

environment as a whole.

3.3 | Three-dimensional bone marrow mimics
toward manufacturing of functional niches of
megakaryopoiesis

Combining knowledge from human bone marrow biopsies, mouse
models, 3D cultures, and organs on chip has greatly advanced the field
of biomaterial development and tissue engineering to develop per-
fusable 3D tissue systems reproducing the key features of
thrombopoiesis.

Shepherd et al. [65] developed a flow bioreactor based on a 2-
layer collagen scaffold capable of retaining hiPSC-derived megakar-
yocytes, while promoting the release of platelets. The porous, struc-
turally graduated scaffold was meant to provide a structure to support
megakaryocyte functions by a bone marrow-like structure. To
modulate the pore size of the collagen scaffold, they used a 2-stage
freezing technique to obtain a variety of pore sizes having a sieving
capacity to collect platelets. The bioreactor was conceived as a twin-
chamber system, whereby 1 chamber allowed the seeding of hiPSC-
derived megakaryocytes, whereas cross-flow generated shear forces
that induced platelet release into the other. To provide a high peak
flow rate while keeping the collection volume to a minimum, the
bioreactor was perfused by gravity with a sequential pulsed flow. In
this condition, each megakaryocyte was capable of releasing ~2
metabolically active intact platelets. By using the soft-gel lithography
technique, Kotha et al. [66] generated collagen hydrogels as a scaffold
for creating a microvascular network. Endothelial cells were seeded in
the system to form vessels with the lumen, whereas megakaryocytes
were encapsulated directly in surrounding hydrogels made of collagen.
Megakaryocytes were able to migrate to the microvascular network
to extend proplatelets. Interestingly, the interaction with endothelial
cells increased vessel permeability, which allowed the transmigration
of megakaryocytes through the endothelial barrier. One limitation was
the big sizes of the vessel, which did not recapitulate those of native
sinusoids.

In the last 10 years, the search for a biomaterial that could be
chemically and mechanically tailored to entrap growth factors and
ECM components, while retaining bioactivity, led our group’s research
to the use of silk fibroin as scaffolds. Silk fibroin from Bombyx mori
silkworm cocoons is a strong but elastic biocompatible protein having
low immunogenicity and nonthrombogenicity [67,68]. Silk fibroin has

been extensively used in clinics in biomedical applications and

bioengineering approaches to create films, gels, sponges, or tubes in
bone regeneration and vessel engineering [69-71]. Our first-
generation 3D bioreactor was made of a silk tube functionalized
with ECM proteins (fibronectin, type IV collagen, and laminin) and
CXCL12, surrounded by a 3D silk sponge resembling the medullar
topography to enhance the migration of cells within the structure
[72,73]. In the vascular compartment, the presence of CXCL12
directed the migration of mature megakaryocytes toward the silk
tube. The ECM composition improved proplatelets elongation on the
luminal side, while the luminal flow through the silk tube facilitated
the release of functional platelets. It was also shown that coculture
with a monolayer of endothelial cells or functionalization of silk tubes
with vascular endothelial growth factor and vascular cell adhesion
protein increased the extent of platelet production [73]. The second
generation of silk bone marrow models consisted of a scaled-up
version intended to house a larger number of in vitro-derived mega-
karyocytes producing millions of platelets for functional studies. The
flow chambers were made of research-grade silicon or biomaterial,
holding silk sponges functionalized with extracellular matrix compo-
nents such as fibronectin and collagen |V [74,75]. These sponges were
cultured within modular flow chambers, allowing the flow to pass
through the different channels/pores and proplatelets in direct con-
tact with medium. This enhanced the capacity of platelet production
because of a soft microenvironment and the perfusable area, which

allowed us to increase the cell concentration.

4 | ADDRESSING CHALLENGES IN THE
DIAGNOSIS AND TREATMENT OF
MEGAKARYOCYTE AND PLATELET
DISORDERS

A platelet count that falls recurrently below the limit of 100 x 103/uL
is defined as thrombocytopenia. The relevance of thrombocytopenia
in each patient is extremely variable. Some patients can experience
hemorrhages and/or excessive bleeding provoked by hemostatic
challenges such as trauma or surgery. Clinically significant sponta-
neous bleeding does not usually occur until the platelet count is <20 x
103/pL. The main causes of thrombocytopenia can be subdivided into
decreased platelet production, increased platelet destruction, and
increased splenic sequestration [76]. Approximately 3 million people
worldwide are affected by intrinsic genetic disorders such as inherited
thrombocytopenia, a diverse group of disorders characterized by
mutations in many different genes involved in the physiologic regu-
lation of megakaryopoiesis and/or platelet production [77,78]. Alter-
ations of megakaryopoiesis also occur in Philadelphia-negative
myeloproliferative neoplasms (MPNs), a heterogeneous group of HSC
diseases characterized by acquired mutations in JAK2, MPL, and CALR
genes, converging in constitutive activation of TPO signaling and
consequent proliferation of megakaryocytes having hypolobated
nuclei and structural defects in proplatelets (Figure 3) [79-81].
Additionally, many MPNs experience progression to bone marrow

fibrosis due to increased deposition of reticulin fibers within the bone
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FIGURE 3 Mechanisms of pathologic megakaryopoiesis. Inherited or acquired mutations of physiologically relevant genes for
megakaryopoiesis may result in the differentiation and function of pathologic megakaryocytes. Pathogenic mechanisms include proliferation of
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function, and/or viability. ECM, extracellular matrix; HSC, hematopoietic stem cell; MK, megakaryocyte; PPF, proplatelet formation; TGF-g,

transforming growth factor-p.

marrow under the stimulus of profibrotic cytokines released by
pathologic megakaryocytes [33,82]. Fibrosis contributes to ineffective
hematopoiesis, leading to transfusion-dependent thrombocytopenia/
anemia, splenomegaly, increased white blood cell counts or severe
pancytopenia, and end-stage acute leukemia.

For all these diseases, the pathogenesis is still unclear, and thus,
optimal targeted therapies remain unknown. For patients with severe
inherited thrombocytopenia, which is usually fatal at young ages, the
treatment of choice is HSC transplantation [83,84]. However, the risks
may outweigh the benefits. A significant advancement in the treat-
ment of inherited thrombocytopenia is the use of drugs that stimulate
platelet production by mimicking the effects of TPO. The TPO re-
ceptor agonists eltrombopag, romiplostim, avatrombopag, and lusu-
trombopag are promising [85,86]. However, the extent of platelet
response is highly variable not only among different forms of inherited
thrombocytopenia but also among patients affected by the same
mutation. Furthermore, concerns exist about the safety of these
treatments, especially for patients harboring mutations that predis-
pose them to leukemic transformation.

Janus kinase 2 (JAK2) inhibitors, including ruxolitinib and fedra-
tinib, have held promise for therapeutic targeting of MPNs [87]. Pa-
tients may benefit from reduced splenomegaly and symptoms;

however, their efficacy in restraining disease-driving effects, such as
clone expansion, is still poor. Mechanisms for MPN clone resistance to
treatments are still a matter of study. Compensatory signaling and the
pathologic process may likely contribute to the lack of response. The
rate of negative prognosis is still high, making it an urgent need for
novel approaches targeting new molecular pathways.

Validation of novel therapeutics usually passes through testing in
animal models, which can mimic the physiologic environment of bone
marrow, but sometimes generates results that can be poorly trans-
lated to humans, likely, in part, due to differences between species.
The call for solutions to improve the efficacy of tailored therapeutic
strategies for individual patients is still open.

Building on knowledge derived from patients, we have recently
developed an ex vivo miniaturized 3D bone marrow tissue model that
reproduces ex vivo platelet biogenesis of different forms of inherited
thrombocytopenia [88]. This device could predict the in vivo clinical
platelet response to eltrombopag at the individual scale using small
amounts of peripheral blood-derived megakaryocytes. In addition, our
bioengineered bone marrow tissue model, mimicking the 3D archi-
tecture, composition, and hydrodynamic environment of native tissue,
could reproduce the pathologic features of megakaryopoiesis in
MPNs, including massive proliferation and the extent of platelet
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formation defects [73]. Overall, our data suggest that the more closely
we reproduce the bone marrow microenvironment, the better its
applicability for gaining new insights into the mechanisms of diseases
and performing a satisfactory evaluation of the effects of compounds
that may impact platelet production. The system may represent a
benchmark for preclinical testing of new therapies for
thrombocytopenia-related disorders or other bone marrow pathol-
ogies and testing the effects of toxic agents for the whole hemato-
poietic niche.

In the future, our approach may serve as a foundation for
generating solutions for ex vivo production of platelets for transfusion,
which may benefit these and other diseases. The group of Ito et al.
[42] identified turbulent energy as a crucial regulator in platelet
biogenesis in big tank bioreactors. The system was a vertical liquid
culture bioreactor that included 2 oval-shaped mixing blades fixed at a
horizontal angle to the power axis and at right angles to each other to
generate tailored turbulent energy to induce efficient platelet pro-
duction by immortalized hiPSC-derived megakaryocytes. The scaled-
up version allowed to reach clinical-scale manufacturing to obtain
billions of autologous platelets for a patient who did not have a
compatible platelet donor [89]. This first-in-human clinical trial
assured the safety of the product through the dose-escalation study.
Transfusion was well tolerated, with no significant complications, at 1
year of follow-up. The absence of side effects represents a step closer
to successful transfusion of ex vivo-produced platelets. However,
hiPSCs might not have the ability to produce fully mature megakar-
yocytes and/or proplatelets. This is reflected in the generation of
hiPSC platelets with a short half-life and uncertain functionality, thus
making it necessary to further refine ex vivo cultures to reach a cost-

effective product that successfully and safely returns to patients.

5 | ISTH 2022 LONDON CONGRESS
REPORT

Several abstracts presented at the 2022 ISTH meeting provided new
mechanistic and clinical insights into megakaryocyte and platelet
production. We selected some of those tracing the path toward suc-
cessful mimicking of physiologic and pathologic megakaryopoiesis
ex vivo. We apologize to those whose work was not included in this
review due to space limitations.

As discussed above, the microenvironment next to bone marrow
vasculature is crucial to support platelet production in vivo. Asquith
et al. [90] developed a 3D self-forming coculture of endothelial cells
and human hematopoietic progenitors that supports improved
megakaryocyte differentiation ex vivo and the release of platelets and/
or extracellular vesicles into a microfluidic chamber. As a further
demonstration of the importance of the endothelium in promoting
platelet production, Foster et al. [91], in collaboration with our group,
functionalized the 3D silk bone marrow model with different
endothelial-derived recombinant proteins, selected from a library of
259, that were able to significantly enhance platelet production by

hiPSC-derived and human primary megakaryocytes. The fundamental

role of vascular niche composition in sustaining platelet production
was also proved by Mott et al. [92], who analyzed hematopoiesis after
total body irradiation in mice and revealed that total body irradiation
conditioning is associated with prolonged thrombocytopenia
compared with chemotherapy due to alterations of the vascular niche.
It is still unclear whether the spatial organization of megakaryocytes
influences gene expression and consequent cell function. Tilburg et al.
[93] mapped the molecular, cellular, and spatial composition of murine
bone marrow megakaryocytes by combining transcriptomics with in
situ spatial orientation and demonstrated transcriptional heteroge-
neity in compartments previously thought to be homogeneous, such
as the proximal and distal axes of the bone. No association with ad-
jacency to the vasculature was observed. In the future, we can expect
that a combination of spatial proteomics and glycomics will help in
further elucidating the full proteome and glycome of the bone marrow
niche to understand their influence on megakaryopoiesis and
ameliorate approaches for reproducing these features ex vivo.
Recent single-cell analysis data identified megakaryocytes as cells
with multiple functions in the bone marrow, beyond platelet produc-
tion [36]. It is known that megakaryocytes express and release
different growth factors that contribute to regulating their function,
bone marrow niche homeostasis, and are also involved in the patho-
genesis of some diseases. Among these, TGF-f1 released from
megakaryocytes is responsible for promoting myelofibrosis. Becker
et al. [94] showed that TGF-B1 trafficking is dependent on the Ras
homolog family member A (RhoA) and ADP-ribosylation factor 6
(Arf6) signaling pathways, which regulate secretory autophagy. These
are interesting findings and are consistent with our data that revealed
that defective autophagy is responsible for altered platelet production
and function in myopathies caused by collagen VI mutations [95].
Unexpected soluble factors have also been proven to promote
megakaryocyte function and platelet production such as thyroid
hormones and glucocorticoids [96]. These data offer interesting new
angles to interpret diseases and therapeutic opportunities [97]. We
are still far from understanding the complete mechanism of platelet
production, and new data are emerging from studying diseases. Marin-
Quilez et al. [98,99] demonstrated that severe externalization of
glycoprotein Ib-alpha (GPlba) defects is responsible for the altered
platelet production in patients with thrombocytopenia associated with
variants of the GALE gene, which encodes UDP-galactose-4-
epimerase, an enzyme of galactose metabolism and glycosylation
pathways critical to megakaryocyte development [100]. These data
further emphasize the critical role of glycosylation in regulating both
megakaryocyte and platelet functions [27]. Another interesting result
from the clinic was presented by Bhoopalan et al. [101], showing
increased platelet count in mice and humans treated with the ribo-
somal biogenesis inhibitor CX-5461, a candidate anticancer thera-
peutic that has completed phase I/1l clinical trials. To date, proplatelet
formation has been considered as a cytoskeleton-dependent process;
however, new data were provided as this ISTH was regarding the role
of lipids in platelet formation. As described above, Valet et al. [18]
already demonstrated the importance of the crosstalk between adi-

pocytes and megakaryocytes in the regulation of platelet formation in
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Illustrated ISTH 2022 London congress summary. Major paths traced to the future of megakaryopoiesis included the importance

of studying the role of cell-cell interaction to support megakaryocyte functions, the need to select proper humoral and growth factors to
physiologically stimulate platelet production, the necessity for appropriate cell feeding to improve membrane and metabolic activities, and the
role of physicomechanical stimulation. MK, megakaryocyte; PPF, proplatelet formation.

the bone marrow. Barrachina et al. [102] proposed the use of targeted
mass spectrometry to obtain a lipidomic profile of murine bone
marrow megakaryocytes, demonstrating that fatty acid metabolism
and synthesis are critical for megakaryocyte differentiation, thus
pointing out the importance of finely controlled megakaryocyte
feeding to support proper cell maturation and functionality.

As flow is also a fundamental trigger of platelet production in vivo,
systems created to produce platelets outside the body should take this
into account. In line with this evidence, Boiron et al. [103] used a
combination of computational fluid dynamics studies and simulations
into a platelet-producing device to demonstrate that shear stress
accumulation must be properly tailored to obtain efficient platelet
release. In an attempt to mimic the lung vasculature, Tarassova et al.
[104] investigated platelet production through multiple passages of
mouse megakaryocytes into a new lung ex vivo culture system. They
demonstrated that the platelets generated in this system were func-
tional, although they showed some signs of preactivation due to
multiple passages into the lung-like system.

Overall, these data trace 4 major paths toward successful
mimicking of megakaryopoiesis ex vivo: (i) recapitulation of cell-cell
interaction to support megakaryocyte functions, (ii) selection of hu-
moral and growth factors that physiologically stimulate platelet pro-
duction, (iii) appropriate cell feeding to improve membrane and
metabolic activities, and (iv) precise physicomechanical stimulation
(Figure 4).

6 | FUTURE RESEARCH DIRECTIONS

The need for human platelets for fundamental studies and clinical
applications remains high due to the uncertainty of the mechanisms of

platelet-related diseases and the clinical need for platelet transfusions

for patients. The bone marrow represents a challenging human organ
to study due to its structure and complexity within the bone cavity.
Because of this, the mechanisms underlying the relationships between
HSCs and their environment remain poorly understood, especially in
humans, in whom invasive approaches are not possible. Megakaryo-
cytes take cues from the physiochemical environment in the bone
marrow, which includes contact with ECM components (such as
fibronectin, collagens, and GAGs), contact with other cell types
(including vascular cells), and the shear stress generated by blood
circulation in blood vessels. ECM components shape the structure of
the bone marrow niche and play an active role in regulating hema-
topoiesis and platelet production. In this context, cytokines, growth
factors, and ions (eg, calcium and iron) also determine HSC prolifer-
ation or differentiation by directing interactions between cells and
their niche environment. Alterations in platelet production or function
are the outcome of several human pathologies. Because many of the
pathogeneses and specific target therapies are still unknown, these
conditions are treated with palliative therapies. As demonstrated at
this ISTH meeting, studying diseases and their therapeutic targets may
help in understanding triggers of platelet production to be used in vivo
and in vitro. It was demonstrated that we can learn from both diseases
directly correlated with platelet production defects and other diseases
such as collagenopathies, thyroid dysfunction, and Cushing syndrome.
We also developed a bone marrow model with enough features to
support human platelet production and predict patient response to
eltrombopag in vivo [88]. These are important steps forward for
comprehensive knowledge on platelet production and new possibil-
ities to cure human diseases. The data support the hypothesis that
observing and modeling human physiology and diseases will be
instrumental to understand the mechanisms of platelet production
and potential triggers to replicate this process in vitro for clinical ap-

plications. We have produced many results from different angles, and
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now, to be even more efficient, we need a systematic approach and
common agreement on different aspects of the process, such as the
following: (i) how to define a megakaryocyte making platelets, (ii) the
exact contribution of the bone marrow niche in human physiology and
pathologies, and (iii) the difference between models and systems for
platelet production in terms of features to replicate. To add to that, we
need to understand the impact of the source of hematopoietic stem
and progenitor cells on the regulation of platelet production and
function.
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