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Abstract

A state of the art lecture titled “Megakaryocytes in the Lung” was presented at the

London International Society on Thrombosis and Haemostasis congress in 2022. This

lecture highlighted that although most medical teaching presents platelets as bone

marrow megakaryocyte-derived cellular mediators of thrombosis, platelets are also a

critical part of the immune system with direct roles in responses to sterile tissue injury

and pathogens. Bone marrow megakaryocytes differentiate from hematopoietic stem

cells and package platelets with immune molecules. Activated platelets, therefore,

initiate or accelerate the progression of vascular inflammatory pathologies, as well as

being regulators of immune responses to infectious agents. Platelets are now known to

have mechanistic roles in immune responses to disease processes, such as heart

transplant rejection, myocardial infarction, aortic aneurysm, peripheral vascular dis-

ease, and infections. From these studies comes the concept that megakaryocytes are

immune cell progenitors and recent emerging information highlights that megakaryo-

cytes may themselves be immune cells. Despite megakaryocytes being described in the

lung for >100 years, lung megakaryocytes have only recently been shown to be platelet

producing and lung megakaryocytes are immune-differentiated in both phenotype and

function. What is still not known is the origin of lung megakaryocytes and roles of lung

megakaryocytes in health and disease. This review will discuss the long history of lung

megakaryocytes in the literature and potential models for megakaryocyte origins and

immune functions. Finally, we summarize relevant new data related to this topic that

was presented during the 2022 International Society on Thrombosis and Haemostasis

Congress.
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1 | LUNG MEGAKARYOCYTES—A HISTORY

Megakaryocytes are platelet progenitors with central roles in hemo-

stasis and thrombosis. In the last 20 years, a growing body of litera-

ture has shown that platelets and megakaryocytes also have critical

roles in the immune system. Megakaryocytes are classically thought of

as the largest hematopoietic cell in the bone marrow (BM). Although

this is true, there are extensive publications documenting megakar-

yocytes also residing outside the BM with variable ploidy (Figure 1). In

1890, Howell [1] first named the megakaryocyte. Shortly thereafter in

1906, Wright [2] observed megakaryocytes producing platelets by

forming long, arm-like, protrusions from the BM into the vasculature,

with platelets budding off into the bloodstream. Over the last century,

megakaryocytes have been found in human lungs, liver, spleen, pe-

ripheral blood, umbilical cord blood, yolk sac, and fetal liver [3–5].

After his initial characterization of megakaryocytes, Howell and

Donahue [6] also began studying megakaryocytes outside of the BM,

including the lung, where they described: “histological examination of

the lungs with a technique adequate to give a differential staining of

platelet material demonstrates the presence of giant cells in the lungs

and supports the view that they are active in the production of

platelets.” In 1911, lung megakaryocytes were described in Hodgkin’s

disease, and in 1931, Medlar and Sasano [7] noted increased mega-

karyocytes in the lung during active tuberculosis infections. Aschoff

[3] originally posited that megakaryocytes migrate to different tissues

under chemotactic stimuli and proposed that lung megakaryocytes

originate from the BM via migration through the blood. These findings

began a century-long debate about megakaryocytes in the lung

(summarized in Figure 1), including whether they produce circulating

platelets and whether they are tissue resident or migrate from the

BM.

Several studies have described compelling evidence indicating

that megakaryocytes are present in multiple tissues, including the

lung, and that lung megakaryocyte numbers increase during
F I GUR E 1 Megakaryocyte historical timeline. A timeline of significant

the first description of Megakaryocytes in1890 through the Lefrancais et
inflammation and injury [7–10]. Kaufman et al. [11] performed studies

on canines that had undergone thoracotomies in which one group had

the right lung receive venous blood and the left lung received arterial

blood. The other group of dogs received a mixture of arterial and

venous blood in their left lung, whereas their right lung was perfused

with venous blood only [11]. These intricate studies found that

megakaryocytes were present in the lung without venous blood flow

and found an increase in megakaryocyte number when venous blood

flowed through the lung [11].

Although lung megakaryocytes were described more than a cen-

tury ago, their study has been limited and often contentious. Soon

after the discovery of lung megakaryocytes, Howell and Donahue [6]

described that megakaryocytes in the lung had a different appearance

than megakaryocytes found in the BM or the spleen, which might

factor into the debate about lung megakaryocytes’ source and func-

tion. They observed that lung megakaryocytes’ nuclei did not have a

“crown or basket” appearance and that lung megakaryocytes rarely

were giant cells with a centrally located nucleus. Instead, Howell and

Donahue [6] described the nucleus to be in an elongated “Y” shape.

They noted that there were megakaryocytes with significantly smaller

nuclei, but argued that the lung megakaryocytes had a variety of

shapes and sizes and many of the megakaryocytes had abundant

cytoplasm [7]. Another influential component of this study by Howell

and Donahue [6] discovered the production of platelets in the lung by

showing that arterial blood contained more platelets than venous

blood, concluding that platelets must be generated in the lung. Their

findings showed that in relation to erythrocytes, the platelet count

was higher in the arteries than in the veins, suggesting platelet pro-

duction in the lung [6]. Their histologic examination of the lungs

demonstrated the presence of megakaryocytes and found platelets

within the lung both alone and in groups so numerous that they were

difficult to miss or mistake for another cell [6].

Howell and Donahue [6] postulated that megakaryocytes origi-

nated in the lung because they found numerous megakaryocytes
contributions to understanding lung Megakaryocyte biology since

al. [16] study of Megakaryocytes in 2017.



LIVADA ET AL. - 3 of 10
present in all normal lung tissue sections, not just in capillaries, sug-

gesting that megakaryocytes do not solely migrate from the BM and

become trapped in the lung vasculature. In their arguments, they

pointed to a lack of data to support a BM migration theory and added

that the lung capillaries are unlikely to allow “giant cells” to become

“trapped” for extended periods of time. Beyond these seminal studies,

others noted intrapulmonary megakaryocytes consistently across 30

human necropsies, with a density of 14 to 65 megakaryocytes/cm2 in

lung [12], with the highest concentration found in the central zone of

the right upper lung lobe [8,11]. Several studies observed an increase

in megakaryocyte density (37 megakaryocytes/cm2) and significantly

higher numbers of megakaryocytes, in the lungs from disease nec-

ropsies as compared with forensic necropsies (typically traumatic, 4

megakaryocytes/cm2) [8]. In those with cardiovascular or respiratory

disease, the megakaryocyte count was also significantly increased

[8,11]. It was hypothesized that the reason for the fluctuation in

megakaryocyte numbers during hospital stays might be because of

infection [9,10], leukocytosis [10], hemorrhage [10], postoperative

states [13,14], shock [10], or acute respiratory distress syndrome [15],

which stimulated the production of lung megakaryocytes. A study by

Brill and Halpern [12] investigated the frequency of megakaryocytes

in autopsies and found that lung megakaryocytes were present

throughout all their human samples; however, they could not replicate

this finding for any other organ they dissected, including spleen, liver,

kidney, and heart. These data strongly indicated that megakaryocytes

exist in the lung constitutively and that their numbers increase during

disease or illness.

Other investigators have sought further information about platelet

production in the lung and its relative contribution to circulating

platelet numbers. As of today, there is no consensus on the percentage

of circulating platelets that come from the lung, with calculations

ranging between 7% and 50% of circulating platelets being lung-derived

[11,16]. Howell and Donahue [6] argued that the lung was the “main

source” of platelet production. Kaufman et al. [11] estimated a range of

20% to 50% of the platelet pool deriving from the lung. Studies in the

early 1980s even postulated that all platelet production came from the

lung, where investigators applied the mathematical description of

fragmentation mechanism that leads to a log-normal volume distribu-

tion of platelet production from megakaryocyte cytoplasm [17,18]. In

2000, megakaryocytes were shown by electron microscopy (EM) in the

lung microvasculature and were present in large numbers of intact,

fragmented, and denuded megakaryocytes [19]. Lung megakaryocytes

were found to have numerous demarcated platelet membranes and

when mice were treated with thrombopoietin (TPO), a significant in-

crease in platelets was found in the peripheral blood [19]. EM images

from this study showed significant platelet release from megakaryo-

cytes in the lung and the platelets released did not show signs of

activation because they maintained a uniform shape and an even dis-

tribution of their granules [19]. Studies in 20 humans undergoing

routine cardiac catheterizations showed that megakaryocytes in the

lung had a full cytoplasm with demarcation membranes, granules, and

mature nuclei [20], leading investigators to conclude that lung mega-

karyocytes were mature with the capacity to produce platelets.
In 2017, a pivotal article reinvigorated the century-old debate

about platelet production in the lungs. The article by Lefrançais et al.

[16] used several state of the art techniques to demonstrate that the

lung is a significant site of platelet biogenesis and that lung progenitor

cells can reconstitute platelet counts in thrombocytopenic mice.

Lefrançais et al. [16] used intravital imaging to directly show that lung

megakaryocytes contribute to platelet biogenesis, while also showing

that the lung extravascular space is a reservoir for hematopoietic

progenitors. Based on imaging, they estimated that lung megakaryo-

cytes produced approximately 50% of platelets in the circulation [16].

The authors showed that with the addition of TPO, there was an in-

crease in peripheral platelet counts, and an increase in lung mega-

karyocytes and proplatelet complexes, seen by intravital imaging [16]

that was corroborated with EM [19]. In addition, this article charac-

terized 2 populations of megakaryocytes: intravascular and extra-

vascular. They provided evidence that intravascular megakaryocytes

are responsible for the proplatelet release within the lung, whereas

the extravascular population was termed sessile and accounted for up

to 80% of the lung megakaryocyte population [16]. Importantly, the

function of the extravascular megakaryocyte population was not

characterized. Using RNA-sequencing of isolated BM and lung

megakaryocytes, the authors found that megakaryocytes in the lungs

express higher levels of cytokines, growth factors, and other host

defense genes, which could contribute to inflammation during lung

disease [16].
2 | CURRENT STATE OF LUNG

MEGAKARYOCYTE RESEARCH AND FUTURE

DIRECTIONS

Despite a long history of studies describing megakaryocytes in the

lung, tissue-specific megakaryocyte biology remains relatively un-

studied. We now summarize critical concepts that are unknown or

controversial in the lung megakaryocyte literature, including a focus

on their platelet-producing capacity, their developmental origin, and

immune-modulatory functions in health and disease.
2.1 | Platelet production

As described above, the study of lung-derived platelet production

dates back almost a century. The literature describes a wide range of

estimates for the lung-derived proportion of the platelet pool

(7%-50%), making the overall contribution of lung megakaryocytes to

the circulating platelet pool somewhat controversial. At present, there

are no reliable biomarkers for lung-derived platelets, so any estima-

tion of lung platelet biogenesis in physiologic conditions must rely on

indirect evidence. Early evidence supporting lung-derived platelet

production was based on higher arterial (postpulmonary) than venous

(prepulmonary) platelet counts [6]. These studies were limited by the

need for surgical intervention and an indirect inference in an anes-

thetized animal. More recently, intravital imaging was used to



F I GUR E 2 Current model of

Megakaryocyte and platelet subpopulations.

Intravascular lung megakaryocytes with pro-

platelet protrusions produce platelets that

enter the bloodstream along with bone

marrow-derived platelets. Extravascular

megakaryocytes have a smaller, more sessile

morphology and their function has not been

characterized. No direct comparisons of BM

and lung derived platelets have been

performed and there are no available

biomarkers specific for lung platelets.

4 of 10 - LIVADA ET AL.
estimate the lung megakaryocyte contribution to the platelet pool

[16]. This estimation was based on the imaging of lung megakaryocyte

fragmentation under ventilation and quantifying platelets produced

over a 2-hour period. These data were then extrapolated from the

lung volume observed during the imaging, to the entire lung volume.

There are limitations to this method of estimation. Lung megakaryo-

cytes tend to localize to the distal lung alveolar interstitium [21],

meaning that scaling up from a small imaging window to the entire

lung and assuming equal megakaryocyte distribution over the entire

lung, may overestimate the lung megakaryocyte contribution. In

addition, it has been suggested that intravascular megakaryocytes

produce platelets, so any imaging and extrapolation must account for

a calculation of only the number of intravascular megakaryocytes

because they make up only approximately 20% to 30% of the lung

megakaryocyte pool [16,22] and the distribution of extravascular vs

intravascular megakaryocytes may not be evenly distributed across

the entire lung. In Figure 2, we summarize the current model that

intravascular megakaryocytes produce platelets and that the extra-

vascular megakaryocyte contribution to the platelet pool is unknown.

An important question remaining is whether extravascular megakar-

yocytes migrate to become intravascular platelet-producing mega-

karyocytes. Further study using techniques that permit more

physiologic conditions are required to fully understand the platelet

biogenesis landscape in the lung to account for the unequal distribu-

tion and potential phenotypic heterogeneity of megakaryocytes

throughout the lung.

A recent study identified a spleen megakaryocyte-derived

CD40Lhi platelet “subpopulation” in a murine model of sepsis [23].

Valet et al. [23] found that the CD40Lhi platelets from the spleen were

increased in sepsis and had a protective effect by improving sepsis

immune responses. This work highlighted the potential of identifying

candidate markers that specify platelet tissue origin, as well as

demonstrated the significance of considering platelet tissue origin in
models of infectious/immunologic, cardiovascular, and pulmonary

diseases in future studies. A challenge, however, is the specificity of

the marker and assuming it is uniform across diseases. CD40Lhi

platelets may not be spleen specific in another disease context, adding

complexity to assuming platelet tissue origin based on shared platelet

marker expression.

The identification of biomarkers for platelet tissue source,

including lung, BM, and spleen, may lead to important insights for

understanding sites of platelet production and platelet heterogeneity

across tissue origins. At present, there are no markers to distinguish

lung platelets from other tissue sources (shown in Figure 2). A

biomarker for lung-derived platelets may provide direct evidence of

the contribution of lung megakaryocytes to the total platelet pool and

clarify this long-standing debate. More importantly, a lung platelet

biomarker may create a means to study platelet pool heterogeneity in

health and disease. Ideally, any new biomarkers for platelet tissue

source will be translatable to humans in both health and disease and

may serve as tools to modify platelet function in thrombosis or co-

ordinated immune responses.
2.2 | Developmental origin

BM megakaryocytes arise from a defined hierarchy of cells originating

from long-term hematopoietic stem cells (HSCs) [24–27]. Interest-

ingly, there is mounting evidence of a megakaryocyte-biased HSC

pathway where a subset of HSCs can bypass progenitor cells and

differentiate directly to megakaryocytes [28–30]. In contrast to BM

megakaryocytes, the literature regarding the origin of lung megakar-

yocytes is sparse. It is generally assumed, without experimental evi-

dence, that lung megakaryocytes are “seeded” from immature

circulating BM megakaryocytes or megakaryocyte progenitors [3,31].

Lefrançais et al. [16] showed the presence of GFP+ megakaryocytes in



F I GUR E 3 Proposed models of lung megakaryopoiesis. In model 1, megakaryocyte progenitors (shown in figure) or mature megakaryocytes

(as proposed in literature) are produced in the bone marrow (BM) and migrate through the circulation to the lung and must extravasate and

tissue migrate to seed extravascular megakaryocytes. Model 2 includes various alternative models based on a lung hematopoietic stem cell

(HSC) that produces lung megakaryocytes. A, lung HSCs produce extravascular megakaryocytes that then migrate to become intravascular

megakaryocytes. B, lung HSCs produce extravascular megakaryocytes and intravascular megakaryocytes independently. Based on the known

literature of BM HSCs, C, shows BM HSCs migrating bidirectionally between BM and blood. The 2C model includes bi-directional flow of an

HSC pool between the circulation and lung, where the HSCs perform megakaryopoeisis locally. In model 3, an undefined pre-definitive

hematopoiesis progenitor from the yolk sac produces megakaryocytes that then colonize the developing lung. During adulthood in model 3,

these embryonically derived megakaryocytes are a self-renewing tissue resident population.
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the lung vasculature when an mTmG lung was transplanted to a

platelet factor 4 (PF4)-Cre-mTmG recipient; however, GFP+ mega-

karyocytes in the lung parenchyma were not discussed. The authors

argued that the presence of GFP+ intravascular lung megakaryocytes

demonstrated an extrapulmonary source. However, intravascular and

extravascular lung megakaryocytes have morphological and perhaps

functional differences. Extravascular lung megakaryocytes make up

approximately 60% to 80% of all lung megakaryocytes, meaning that

the majority of circulating megakaryocytes would have to leave the

blood and tissues migrate to become lung resident. A hematopoietic

progenitor pool is also present in the lung and can reconstitute

megakaryocytes in the BM after lung transplantation [16]. Extra-

medullary hematopoiesis is known to occur posttransplantation, which

may have influenced results from transplant models of Lefrançais et al.

[16] [32]. Thus, the definitive origin of extravascular lung megakar-

yocytes remains unknown.

We propose 3 models to frame future studies of lung megakar-

yocyte developmental origin (Figure 3). The literature currently as-

sumes model 1: BM megakaryopoiesis generates megakaryocytes or

megakaryocyte progenitors that leave the BM and via the circulation

seed the lung. As noted, there is no direct evidence for an extravas-

cular lung megakaryocyte origin in the literature. There are reports of

circulating megakaryocytes, particularly in disease states, such as
COVID-19 infection [33,34]; however, there is no experimental evi-

dence for their subsequent tissue migration and residence or platelet

production in lung or other tissue. This leads us to propose 2 other

alternative models for the origin of lung megakaryocytes.

It was shown by Yeung et al. [21] that megakaryocytes are pre-

sent in the lung on embryonic day 13 (E13) in mice, a developmental

stage before the onset of BM hematopoiesis [35]. The work by the

Palis laboratory has shown that platelet-producing megakaryocytes

are present in mice by E8.5 [36]. This suggests the potential for a BM-

independent origin of lung megakaryocytes, which combined with the

presence of hematopoietic stem and progenitor cells (HSPCs) in the

lung [16] leads us to propose 2 alternative models of lung megakar-

yocyte origins. Model 2: because a lung HSPC pool can reconstitute

lung and BM megakaryocytes in genetically thrombocytopenic mice

[16], model 2 hypothesizes that lung megakaryocytes derive from a

local lung HSPC pool. In this second model, lung HSPCs are either

tissue resident or alternatively derived from BM HSPC. To account for

potential alternative sources of the lung HSPC pool, we include

different versions of model 2 to either reflect a tissue-resident lung

HSPC pool (shown in Figure 3A, B, model 2) or a lung HSPC pool

seeded by BM HSPCs across the lifespan (Figure 3C, model 2). In

model 2A and 2B, the local HSPC pool is tissue resident and estab-

lished independent of BM HSPC. In model 2A, we show that
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intravascular megakaryocytes arise from extravascular megakaryo-

cytes, similar to BM megakaryocyte maturation, in which more mature

megakaryocytes reside in close proximity to BM sinusoids [37]. In

model 2B, we propose an alternative model in which intravascular

megakaryocytes arise from lung HSPC independent of extravascular

megakaryocytes. However, there is significant experimental evidence

that circulating HSPCs maintain an equilibrium across BM compart-

ments by migrating out of tissues, into the circulation, and subse-

quently into new tissues [38–40]. Migrating BM HSPC may populate

lung tissue across the lifespan in a similar manner to how disparate

BM compartments are maintained. Therefore, we include model 2C in

which lung HSPCs arise from migrating BM HSPC and subsequently

produce megakaryocytes locally in the lung.

As of yet, there have not been detailed studies to characterize

lung HSPCs, although the large body of research defining BM he-

matopoietic progenitors by their self-renewal potential, lineage bias,

and immunophenotype may prove useful for the study of lung HSPC

[27]. Lefrançais et al. [16] used conventional phenotypic markers for

HSPC and showed that lung HSPCs were predominantly short-term

HSCs and multipotent progenitor 2 subtypes [27,41]. The trans-

latability of BM HSPC immunophenotypes and their corresponding

function when applied to lung HSPC needs validation. Future studies

to characterize lung HSPC may yield important insights into their

contribution to lung megakaryocytes as well as other tissue sources of

megakaryocytes. The BM HSPC niche is also highly regulated by

megakaryocytes, including megakaryocytes supporting the prolifera-

tion and differentiation of HSCs via PF4 and transforming growth

factor β [42]. The interactions between lung megakaryocytes and lung

HSPCs, or other hematopoiesis-supporting cells [43], have not been

investigated and may underlie key interactions in model 2.

Model 3: as a third model, lung megakaryocytes may be derived

from the yolk sac during early embryonic development and self-renew

in the lung. This model relies on substantial evidence describing HSC-

independent hematopoiesis within the embryo [44–48] and the

concept of tissue-resident hematopoietic cells [48–52]. Importantly,

megakaryopoiesis in the embryo begins at E7.25 in the yolk sac during

primitive HSC-independent hematopoiesis [53,54]. Progenitors with

bipotential for megakaryocyte and erythroid lineages are present in

the yolk sac [53]. In addition to the early presence of HSC-

independent megakaryocyte progenitors in the developing embryo,

the study of tissue-resident hematopoietic cells, particularly macro-

phages, may serve as a useful analog for the study of a tissue-resident

megakaryocyte population as proposed in model 3. Lineage tracing

experiments identified an HSC-independent origin of microglia [49]

and self-renewing tissue-resident macrophages (Kupffer cells, alveolar

macrophages, and Langerhans cells) that largely derive from fetal

erythromyeloid progenitors [35,55]. These studies implicate that a

local tissue-resident megakaryocyte population that is HSC indepen-

dent may be worthy of future study.

Because of the lack of direct evidence for lung megakaryocyte

origin, our future studies will focus on whether there is BM-

independent megakaryopoiesis in the lung, either from a local HSPC

pool or from a self-renewal mechanism, analogous to tissue-resident
hematopoietic cells. Defining megakaryocyte origin is not just an ac-

ademic endeavor; rather, megakaryocyte origin may prove important

in determining how lung megakaryocytes acquire an immune-

modulatory phenotype and how this may impact health and disease.

By transferring BM megakaryocytes to the lung and showing an

upregulation of immune surface markers, we showed that the

immune-modulatory phenotype of lung megakaryocytes is at least in

part regulated by the tissue environment [22]. However, the extent to

which the developmental origin contributes to lung megakaryocytes’

immune-modulatory phenotype cannot be studied without more

definitive description of lung megakaryocyte origin. Recent studies

have also identified a BM megakaryocyte subset that has an immune-

modulatory phenotype [34,56,57]. The process by which BM mega-

karyocytes immune differentiate and whether this is a static or tran-

sient megakaryocyte population also remains unknown. Therefore,

studies of lung megakaryocyte origin and the potential developmental

encoding of their immune differentiation may reveal mechanisms by

which BM megakaryocyte subsets also develop an immune-

modulatory phenotype.
2.3 | Lung megakaryocyte immune-modulatory

roles

Our understanding of immune roles for both BM and lung megakar-

yocytes remains limited to largely descriptive analysis. Lung mega-

karyocytes have an immune-modulatory phenotype that includes

higher surface expression of immune regulatory molecules for antigen

uptake, processing, and presentation to CD4+ T cells and subsequent

CD4+ T-cell activation in a lung bacterial infection mouse model [22].

Multiple studies have demonstrated an immune-differentiated

phenotype of lung megakaryocytes based on RNAseq and single cell

RNA sequencing (scRNA)-seq data [16,21,22]. However, many ques-

tions remain regarding the extent to which lung megakaryocytes may

contribute to immune responses in specific disease processes. Lung

megakaryocytes are at an interface with the external environment

and therefore may have additional roles in maintaining immune

tolerance in healthy conditions, but these potential functions are

unexplored.

The role of lung megakaryocytes in disease presents an important

area of study. Our laboratory and others have shown that megakar-

yocytes express many immunomodulatory molecules at higher levels

compared with BM megakaryocytes [16,21,22]. Megakaryocytes

contain numerous cytokines and chemokines that are important for

the innate and adaptive immune system, as well as in hematopoietic

development [16,21,22,58–65]. Notably, PF4 and transforming

growth factor-β are stored in megakaryocyte alpha granule, and PF4−/

mice demonstrate skewed neutrophil [66,67], monocyte [66,67] and T-

cell responses [68,69]. In addition, granulocyte-colony stimulating

factor elicits the production of TPO that stimulates megakaryocytes to

produce CXCL1 and CXCL2 that can facilitate neutrophil BM egress

[70]. BM megakaryocytes, defined as CD41+ CD151+ cells, were

found to induce Th17 responses in lupus-prone mouse strains through
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the production of cytokines needed for Th17 differentiation [59].

Zufferey et al. [71] showed that BM megakaryocytes were not only

capable of processing full-length ovalbumin (OVA), but were also able

to cross-present OVA-peptide via major histocompatibility complex

(MHC)-I to CD8+ T cells, ultimately triggering a CD8 T-cell response

[60]. In addition, they showed that proplatelets from megakaryocytes

that processed OVA contained OVA-MHC-I complexes [60]. Whether

lung megakaryocytes are a source to disseminate antigen, both for

immune tolerance and immune responses, is not known, but may

provide functional logic for their lung residence. Our laboratory has

provided evidence that lung megakaryocytes also process and present

antigen. We found that the majority of the megakaryocytes in the lung

reside extravascular, and using in vitro techniques showed that the

lung megakaryocytes were capable of antigen processing and bacteria

phagocytosis [22]. Using scRNA-seq of the BM and lung megakaryo-

cytes, we found that lung megakaryocytes had phenotypically distinct

gene expression that was similar to dendritic cells, the classic antigen-

presenting cells. Lung megakaryocytes were capable of presenting the

OVA-peptide via MHC-II to CD4+ T cells both in vitro and in vivo [22].

Two recent scRNA-seq datasets described immune-differentiated BM

megakaryocytes and showed that this subpopulation also expressed

MHC-II [56,34]. Sun et al. [56] showed that this immune-differentiated

subset of BM megakaryocytes was also low ploidy, raising the ques-

tion of whether low ploidy itself is associated with immune differen-

tiation because lung megakaryocytes are also predominantly low

ploidy.

Our data, along with a growing field, show that lung and BM

megakaryocytes share many similar characteristics, including similar

cell markers and platelet production capacity, but lung megakaryo-

cytes have immune cell characteristics and capabilities that distinguish

them from their BM counterpart. Further investigation of lung

megakaryocytes as immune cells, as well as how lung megakaryocytes

may shape platelet immune functions, will be a fertile area of research

in understanding a variety of diseases.
3 | HIGHLIGHTS FROM INTERNATIONAL

SOCIETY ON THROMBOSIS AND

HAEMOSTASIS 2022

A growing interest in understanding megakaryocyte responses to

infection and immune disease was evident at the 2022 International

Society on Thrombosis and Haemostasis Congress. A number of ab-

stracts clearly presented these emerging concepts. A few are now

highlighted.

The Nagy laboratory presented an abstract demonstrating a role

for RhoB in megakaryocyte transendothelial migration. This was pre-

sented in the context of megakaryocyte membrane protrusions into the

blood flow that drives platelet production; however, it may also have

mechanistic significance if circulating megakaryocytes can exit the cir-

culation. Using cell-specific mice lacking megakaryocyte RhoA, the in-

vestigators found a compensatory increase in RhoB expression,
whereas RhoB-mutant mice had microthrombocytopenia and no evi-

dence of transendothelial transmigration, indicating a potential role for

RhoB in these important end-stage steps of platelet production [72].

As noted in this review, there is increasing evidence that mega-

karyocytes are functionally impacted by immune stimuli, including

infection. Megakaryocytes and HSPCs express toll-like receptors

(TLRs), such as TLR7 and 8, that can recognize single-stranded RNA

viruses such as coxsackievirus B3 (CVB3). Therefore, a team of in-

vestigators sought to determine whether CVB3 infection of human

CD34+ cells affected their ability to differentiate into megakaryocytes

and produce platelets [73]. Their data suggested a role for TLR7/8 in

limiting megakaryopoiesis during viral infections that might contribute

to a better understanding of the molecular basis underlying throm-

bocytopenia during CVB3 infection as well as many other viral

infections.

Lipids are essential cell components and are stored as energy

sources. Lipids can also have cell-signaling roles and contribute to cell

fate decisions during hematopoiesis. However, the contribution of

lipids to megakaryopoiesis is less explored, so investigators sought to

determine the role of key lipids in megakaryocyte differentiation and

platelet production [74]. The analysis of HSPC lipidomes revealed that

cell populations clustered into distinct populations with HSPC, with

enrichment in polyunsaturated fatty acids distinguishing mature from

immature megakaryocytes. Inhibitors of fatty acid metabolism and

lipogenesis decreased megakaryocyte differentiation and mice fed a

high-fat diet with increased palmitic acid and reduced polyunsaturated

fatty acids had larger megakaryocytes, but reduced platelet counts

compared with mice fed a standard chow diet, revealing that fatty acid

metabolism and synthesis are critical for megakaryocyte differentia-

tion. It is intriguing to consider how hyperlipidemia and oxidized lipids

that drive inflammation and atherosclerosis may also affect mega-

karyocyte differentiation.

As discussed above, scRNA-seq from many groups has now indi-

cated that megakaryocyte functions go beyond platelet production,

with evidence for immunoregulatory and stem cell niche supporting

subpopulations of megakaryocytes. However, the relationship be-

tween the spatial organization of megakaryocytes and the megakar-

yocyte “subpopulations” in the marrow environment is unclear.

Therefore, Barrachina et al. sought to map the molecular, cellular, and

spatial composition of megakaryocytes in the murine femur using

spatial transcriptomics [74]. These authors found a clustering of

megakaryocytes based on the proximal versus distal axes of the bone,

with megakaryocytes in the proximal side enriched for proplatelet

basic protein and PF4. How function tracks with location is not known,

but this abstract provides technical insight valuable to the field.

MicroRNAs (miRNA) expression is evident in platelets and

megakaryocytes, but miRNA activities in megakaryocyte differentia-

tion and function have received little investigation. Chen et al. [75]

developed an miRNA switch technology that reflects the endogenous

activity of miRNA and can be used to identify specific cell populations.

They sought to use this technology to determine whether induced

pluriopotent stem cell (iPSC)-derived immortalized megakaryocyte

progenitor cell lines contain immune-biased megakaryocytes and
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identified 2 subpopulations with differential activity of let-7a-5p and

let-7g-5p in the proliferation phase of iPSC-derived megakaryocytes.

Let-7 low megakaryocytes had an immune-skewed transcriptional

signature and as the cells matured, interferon-responsive genes were

enriched in let-7 low megakaryocytes, whereas platelet activation

signaling was enriched in let-7 high cells. Their data indicated an

immune-skewed subpopulation of megakaryocytes in iPSC/embryonic

stem cell-derived megakaryocytes that may be very significant as

teams seek to make platelets in vitro from iPSCs and provide insights

into the potential to limit their immune differentiation.

Tumor necrosis factor α (TNFα) is an inflammatory cytokine

common to many immune pathologies; however, the effects of TNFα

on platelet production are not known. Chu et al., [76] therefore,

sought to determine the effect of TNFα on megakaryocyte and

platelet production in a dose-dependent manner. They reported a

significantly higher TNFα level in patients with normal platelet

reconstitution after a stem cell transplant compared with those with

prolonged thrombocytopenia. Studies in tissue culture showed that a

low concentration of TNFα-promoted megakaryocyte maturation, and

platelet production, but concentrations of >10 ng/mL inhibited

platelet production. The authors investigated the transcriptome of

cultured megakaryocytes treated with high- and low-dose TNFα and

found differentially expressed cytoskeletal molecules as well as

MAPK-ERK1/2 and PI3K-Akt signaling pathways. In vivo, megakar-

yocyte number and location in TNFα-treated groups were also altered.

This work provided insight into the differences between mild vs se-

vere inflammation and how it may affect platelet production in sys-

temic vascular inflammation.

New ex vivo systems need to be developed to advance our un-

derstanding of platelet production from both lung and BM megakar-

yocytes under physiologic conditions. The research team of Zhao et al.

[77] presented an abstract in which they established an ex vivo mouse

heart–lung model for perfusion of murine megakaryocytes, while

performing confocal microscopy to image platelet production in real

time. They found that megakaryocytes can pass multiple times

through the lung vasculature, leading to the generation of physio-

logical levels of functional platelets through a process involving nu-

clear marginalization and enucleation. This ex vivo mouse heart–lung

model may allow for the study of platelet generation, as well as a

possibly establishing a role for TPM4-dependent fragmentation in

platelet generation.

A deeper understanding of megakaryocyte and platelet disorders

also demands the development of more advanced comparative model

systems, including models for diseases, such as gray platelet syn-

drome. In addition to platelet defects, gray platelet syndrome presents

with dysfunctional neutrophils, a proinflammatory plasma proteome,

autoantibodies, and autoimmune disorders. However, the pathogen-

esis of many of the clinical manifestations such as splenomegaly,

emperipolesis, and bone marrow fibrosis (BMF) are not understood.

Using the Nbeal2−/− mouse model, Collin et al. found that the per-

centage of megakaryocytes containing neutrophils increased in

Nbeal2−/− mice, with 40% of Nbeal2−/− mice older than 10 months

also having BMF [78]. The authors concluded that although
splenomegaly and emperipolesis developed in Nbeal2−/− mice at an

early age, BMF is a later-life onset disease complication. The authors

also found using in vitro models that the absence of Nbeal2 had a

smaller effect on the loss of megakaryocyte α-granules and their

content compared with platelets, suggesting that α-granule loss might

occur after proplatelet formation or platelet release. This may provide

deeper insights into the disease as well as insights into the mecha-

nisms of platelet granule formation and cargo loading.

Despite its clinical importance and extensive research focus, a

mechanistic understanding of immune-mediate thrombocytopenia

purpura (ITP) pathogenesis is still lacking. Franzoso et al. [79] exam-

ined megakaryocytes and platelets from the peripheral blood of

healthy controls as well as from the patients with acute and chronic

ITP and found increased expression of apoptotic genes such as CLU,

cytochrome-c, Bax, and Bak in ITP megakaryocytes and platelets. This

may indicate that a defect in apoptosis regulation at the megakaryo-

cyte level may lead to increased platelet destruction in some patients

with ITP.
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