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ABSTRACT 

 Megakaryocytes (MK) are responsible for platelet biogenesis, which is thought to 

occur canonically in the adult bone marrow (BM) and in the fetal liver during development. 

However, emerging evidence highlights the lung as a previously underappreciated 

residence for MKs that may significantly contribute to circulating platelet mass. While a 

diversity of cells specific to the BM are known to promote the maturation and trafficking 

of MKs, little investigation into the impact of the lung niche on the development and 

function of MKs has been done. Here, we describe the application of single cell RNA 

sequencing (scRNA-Seq) coupled with histological, ploidy and flow cytometric analyses 

to profile primary MKs derived from syngeneic mouse lung and hematopoietic tissues. 

Transcriptional profiling demonstrated that lung MKs have a unique signature distinct from 

their hematopoietic counterparts with lung MKs displaying enrichment for maturation 

markers, potentially indicating a propensity for more efficient platelet production. 
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Reciprocally, fetal lung MKs also showed the robust expression of cytokines and growth 

factors known to promote lung development. Lastly, lung MKs possess an enrichment 

profile skewed towards roles in immunity and inflammation. These findings highlight the 

existence of a lung-specific MK phenotype and support the notion that the lung plays an 

independent role in the development and functional maturation of MKs.  

In addition to MKs, the lung houses many resident hematopoietic cells, including 

hematopoietic stem and progenitor cells (HSPCs). The existence of lung HSPCs suggests 

that the differentiation and development of lung resident hematopoietic cells may occur in-

situ. To investigate the potential role the lung has in instructing site specific hematopoiesis, 

we employed explant cultures of murine and human fetal lungs. This displayed adherent 

endothelial cells transitioning into floating hematopoietic cells, suggesting that the fetal 

lung is a source of hemogenic endothelial cells that have the functional capacity to undergo 

endothelial to hematopoietic transition (EHT) to produce HSPCs. Flow cytometric and 

functional assessment of fetal lung explants showed the production of HSPCs that 

expressed key EHT and pre-HSPC markers. Expression profiles revealed by scRNA-Seq 

and small molecule modulation demonstrated that fetal lung EHT is reliant on canonical 

EHT signaling pathways. These findings suggest that functional HECs are present in the 

fetal lung, thus establishing this location as a potential extramedullary site of de-novo 

hematopoiesis. Overall, these findings suggest that the lung may have a greater role in 

instructing tissue specific hematopoiesis and/or overall hematopoietic development. 
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CHAPTER ONE: INTRODUCTION 

 

Platelets and Megakaryocytes: Functions and Diversity 

Platelets are non-nucleated cells about 2-3μm in diameter and are essential in coagulation1. 

They are derived from multinucleated megakaryocytes (MKs), which in contrast are very 

large, ranging from 30-100μm in diameter in humans2,3. Platelets are the second most 

abundant peripheral blood cell type, second only to erythrocytes4. A normal human 

peripheral blood platelet count typically ranges from 150,000 to 400,000 platelets per 

microliter of blood. In stark contrast to the abundance of platelets, MKs make up just 0.05% 

of the adult human bone marrow and they are even less commonly found in circulating 

blood. This small number of MKs is capable of producing a large number of platelets due 

to their ability to undergo endomitosis whereby MKs increase their size and double their 

nucleic content as high as 128N3. 

 

Considering the essential role of platelets in both aberrant and normal hemostasis, platelet 

counts and other platelet function tests have become a standard part of many clinical 

workups. It logically follows that a low platelet count, thrombocytopenia, and a high 

platelet count, thrombocytosis, would place a patient at an increased risk for bleeding 

complications and coagulopathies, respectively. However, thrombocytosis most commonly 

presents as reactive thrombocytosis in which an elevated platelet count is secondary to an 

underlying concern, often an infection, severe tissue trauma, malignancy, or inflammatory 

disorder5. In this setting, anticoagulative therapy is typically not recommended as the 
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thrombocytosis is self-limiting and often does not increase a patient’s risk for thrombotic 

events5. Some clinical studies even suggest that thrombocytosis is a positive prognostic 

indicator, while thrombocytopenia is a negative indicator6–9. These clinical findings 

suggest that platelets and their regulation may have more coordinated roles in the resolution 

of various pathologies. Working towards the goal of understanding the full potential of 

platelets is rooted in developing greater insight into their roles beyond hemostasis. 

 

Platelets have been demonstrated to carry out a variety of functions. Upon tissue damage, 

platelets are recruited to the site of injury and upon activation will release their stored 

granules. These granules are enriched with various cytokines that in addition to promoting 

coagulation and aggregation will promote the repair process via distinct mechanisms10,11: 

Angiogenesis is supported through the release of many factors including vascular 

endothelial growth factor (VEGF), angiopoietin-1 (Ang1), and basic fibroblast growth 

factor (bFGF); Mesenchymal cell proliferation is promoted via release of cytokines like 

platelet derived growth factor (PDGF) and insulin-like growth factor 1 (IGF-1); Immune 

cell recruitment to aid in repair is induced via release and expression of inflammatory 

markers such as P-selectin and CD40L. Beyond the setting of tissue repair, platelets 

themselves have the capacity to act as immune cells in the context of both innate and 

adaptive immunity12. Platelets express various immune cell receptors and proteins such as 

various toll-like receptors, defensins and complement proteins. Platelets can also promote 

the activation and differentiation of T-cells and antigen presenting cells. 
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While these diverse platelet functions have been described, previous work suggests that 

they may not be ubiquitous across all platelets nor physiological status. Subsets of platelets 

based on size, density and volume have been described and suggested to confer functional 

differences, such as changes in ability to aggregate or coagulate13–17. A subset of platelets 

can express MHCI in response to an infectious stimuli to promote T-cell activation18,19. At 

steady state, surface expression of TLR2 and TLR4 is only found on a fraction of 

platelets20. More TLRs can be found stored within platelets and are recruited to the surface 

only in certain inflammatory conditions. More TLR2+ and TLR4+ platelets are found in 

patients with acute coronary syndrome and atrial fibrillation, suggesting these conditions 

may enhance their recruitment and/or expression21,22. However, patients with sepsis saw 

no significant increase in TLR expression23. This suggests there are subsets of platelets 

primed to respond to specific pathological cues. How platelets develop these unique 

phenotypes is not clearly understood. However, platelets are anucleated and are estimated 

to have about 2.20 femtograms of RNA per platelet, which is ~1000 fold lower than the 

average leukocyte24. The small amount of genomic and transcriptomic material suggests 

that their phenotype may be pre-determined when being produced by their parent MK. 

 

Similar to platelets, MKs exhibit some functional diversity. 3 main subtypes of MKs have 

been described: platelet producing, hematopoietic stem cell (HSC) maintaining and 

immune. MKs have been demonstrated to support HSC homeostasis by promoting their 

quiescence at steady state and HSC regeneration after radioablative or chemotherapeutic 

injury25,26. A subset of MKs with low ploidy are skewed towards immune functions, 
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exhibiting a monocyte-like phenotype with a capacity to engulf bacteria and present 

antigen to activate T-cells27. These MK subtypes preferentially reside in different locales 

of the BM niche27: Platelet producing MKs are most closely associated with the sinusoids; 

HSC maintaining MKs are closely associated with HSCs and are relatively much farther 

away from vessels; immune MKs are small, low ploidy and distant from BM sinusoids. 

Though often discussed in the context of the BM, MK subsets are suggested to first arise 

during embryonic development as evidenced by sequencing analyses of yolk sac and fetal 

liver derived MKs28. Whether these unique subtypes result in differential platelets is not 

known. However, an individual MK does have the capacity to coordinate the development 

of its own platelets. MKs can differentially sort angiogenic factors into alpha granules, 

which results in the production of heterogeneous platelet subsets29–31. In-vitro studies have 

also shown that MKs can process antigen on MHC class I molecules and subsequently 

transfer them to proplatelets32. Another means of introducing diversity involves 

emperipolesis, wherein MKs engulf a cell, primarily neutrophils, into a vacuole and 

exchange membrane content33. The engulfed cell egresses fully intact and the newly 

acquired membranous content is retained by the MK, which can be transferred to platelet 

progeny34.  

 

While the underlying mechanisms that result in MK and platelet heterogeneity are not well 

understood, these findings collectively demonstrate the diverse capabilities of MKs to 

interact and adapt to different environmental cues. To this end, understanding the cellular 

microenvironment of MKs is a critical field of research. Interestingly, many recent studies 
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have highlighted a previously underappreciated relationship between MKs/platelets and 

the lung, suggesting the lung may have a unique capacity to influence megakaryopoiesis. 

 

Lung Megakaryocytes: Fact or Fiction? 

The presence of MKs in the lung was first described in 1893 by Aschoff35. Histological 

evaluation across 50 autopsies showed that MKs are found most frequently in the lung 

compared to the spleen, kidney, liver, and heart36. Work from others confirmed the 

increased presence of MKs specifically in the lung37–41. However, the majority of these 

findings were observed post-mortem in patients who suffered from a terminal illness, 

including various lung and blood pathologies. This is important to take into consideration 

since a hyperinflammatory state can result in a leukemoid reaction and cause 

hypercoagulability42,43. Some noted that the frequency of MKs found in the lung were 

significantly greater than expected to be incidentally found in the setting of leukocytosis38. 

However, this still left many unanswered questions about the lung MK landscape under 

steady state conditions. 

 

Studies involving mammalian models helped to shed more light on lung MK biology. In 

1937, Howell and Donahue would describe histological evidence of MKs in the lung 

actively producing platelets44. They also demonstrated in cats that blood exiting the 

pulmonary vasculature had a greater number of platelets, suggesting that thrombopoiesis 

may occur in the lung. In 1965, Kaufman et al. demonstrated in dogs that MKs traversing 

the venous circulation can enter the lungs to produce platelets45. Later, similar findings 
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were described in human studies in which MK and platelet numbers were compared in 

blood sampled from the central arterial and venous vessels in patients who had undergone 

cardiac catheterization46,47. Assessments based on these studies and others resulted in a 

wide range of platelet contribution estimates ranging from as low as 7% to one study 

suggesting that all platelets are derived from the lung48. To date, no consensus on this 

estimate exists. 

 

Despite these findings, skepticism around the existence of lung MKs as a distinct cellular 

population remained for many reasons. For instance, physiological stress from surgery 

results in an increased number of circulating MKs in humans, a finding also noted by 

Kaufman et al. in their dog studies45,49. This is important to consider as many of the studies 

previously described required significant surgical manipulation in order to access the lung 

vasculature. MKs are also very large cells averaging about 30µm in diameter, which is 

relatively large considering capillary diameters average around 5-10µm50–52. Additionally, 

the inherent role of MKs/platelets in coagulation requires the expression of many surface 

receptors involved in their adherence to endothelial cells53. These features make MKs a 

prime candidate to become unintentionally lodged in a rich capillary network like that of 

the lung. This is also observed in the setting of cell transplant studies wherein many cell 

types can become incidentally lodged in the lung after venous transfusion due to a “first-

pass effect”54. One should note that the propensity of MKs to become lodged in the lung 

could have developed intentionally due to some unknown evolutionary advantage. 

Nevertheless, these concerns continued to persist and were further exacerbated by the 
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difficulty of manipulating and isolating MKs, their rarity, and the historical lack of tools to 

overcome these barriers. 

 

In 2017, a tremendous leap of progress was made in the investigation of lung MKs. 

Combining Cre-recombinase based lineage tracing with 2-photon microscopy, Lefrançais 

and Ortiz-Muñoz et al. utilized fluorescent intravital imaging to demonstrate that lung MKs 

give rise to platelets in the murine lung55. This was direct evidence that platelet biogenesis 

can occur in the lung under steady state conditions. They also quantified the average 

amount of platelets an individual lung MK can produce, and extrapolated this to the total 

lung volume. Based on this mathematical model, they estimated that about 50% of all 

circulating platelets are derived from lung MKs. Through the use of bulk RNA-sequencing, 

lung MKs were also suggested to have a profile skewed towards immune functions. This 

suggests that lung MKs may confer a distinct phenotype to lung-derived platelets. While 

this has yet to be proven, many studies have demonstrated that platelets can have a 

significant impact on lung physiology. 

 

Several studies have demonstrated that platelets play a distinct role in both normal and 

aberrant pulmonary biology. During embryonic development, the localized release of 

TGFβ1 from platelets in the lung promotes the differentiation of myofibroblasts which are 

responsible for depositing elastin in the lung56. Notably, the disruption of this process 

results in neonatal lethality, demonstrating the critical role of platelets in normal lung 

development. In a pneumonectomy model of lung regeneration, platelet derived stromal-
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cell-derived factor-1 (SDF1/CXCl12) induces the release of membrane-type 

metalloproteinase MMP14 from pulmonary endothelial cells, which promotes alveolar 

regeneration57. Platelets were also demonstrated to protect the lung epithelium against 

severe injury by preventing cell death in the setting of Pseudomonas aeruginosa infection 

in mice58. Clinical evidence also suggests that platelets may have a protective role in the 

setting of acute respiratory distress syndrome (ARDS)59. Multiple studies assessing platelet 

counts in critically ill patients with ARDS suggest that thrombocytopenia may be an 

indicator for worse prognosis60–62. Beyond their protective functions, platelets have also 

been implicated in the progression of inflammatory and autoimmune disorders such as 

pulmonary fibrosis and systemic lupus erythematosus63–65. 

 

While many studies have implicated platelets as an important contributor to lung biology, 

the physiological significance of MKs residing in the lung requires further investigation. 

However, MKs capable of thrombogenesis is a significant addition to an already impressive 

list of lung resident hematopoietic populations. 

 

Hematopoietic Residents of the Lung 

Due to the lung's primary role in respiration, the lung is constantly at risk of environmental 

exposures. As such, the majority of resident blood cells in the lung are immune cells66. 

Within the innate immune compartment are 2 macrophage subtypes. Alveolar 

macrophages are localized to the surface of the alveolar epithelium; in addition to being a 

first line of defense, alveolar macrophages are critical in maintaining tissue homeostasis 
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by clearing debris and regulating surfactant67–69. Interstitial macrophages are found within 

the lung parenchyma; they are important in the innate immune response and are also 

involved in regulating the pulmonary immune cell population to prevent hyperreactive 

inflammation, asthma and fibrosis70–72. In addition to macrophages, innate lymphoid cells 

(ILCs) and natural killer cells (NKs) are also involved in pathogen clearance as well as 

tissue repair post-injury73. The adaptive immune response in the lung begins with lung 

resident dendritic cells, which migrate to the mediastinal lymph nodes to promote the 

expansion and activation of T- and B-cells74. A chemotactic gradient promotes the 

migration of these cells to the lung to mount an immune response and results in the 

establishment of memory T- and B-cells75–77. These experienced lymphocytes can remain 

in the lung to respond to subsequent infections. 

 

While memory lymphocytes are established in the lung in response to pathogenic exposure, 

the origins of other lung resident blood cells are either varied or unknown. Macrophage 

populations are thought to arise from 3 distinct sites of development: yolk sac, fetal liver 

and BM78,79. Notably, each subpopulation seems to preferentially occupy distinct spaces 

within the lung78,80. ILCs have been described as “sedentary”, with around 95% of ILCs 

found to remain resident in the lung and primarily maintained via self-renewal81. This 

suggests that lung ILCs are recruited to the lung during development and are not 

maintained by an external pool of circulating progenitors73. However, lineage studies are 

required to fully investigate the developmental origins of ILCs. In contrast, lung NKs and 
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DCs are suggested to be largely replenished from circulation66,82. The origins of lung MKs 

are unknown, although they are found both intra- and extravascularly in the lung. 

 

Overall, the origin of lung hematopoietic populations is complex and varied. Furthermore, 

many of these studies did not take into consideration the existence of lung HSPCs, which 

were more recently described to be present in both fetal and adult lungs. In addition to 

phenotyping lung MKs, Lefrançais and Ortiz-Muñoz et al. demonstrated that multipotent 

HSPCs can be found extravascularly in the lung55. They furthermore demonstrated that 

transplantation of healthy lungs into severely thrombocytopenic c-MPL knockout mice can 

result in long-term reconstitution of platelets. Significant chimerism in leukocyte 

populations was also observed post-transplantation, suggesting that the adult murine lung 

is a source of functionally competent HSPCs. Fetal lungs derived from embryonic day 16 

mice (E16) are also a source of HSPCs capable of long term engraftment83. While the origin 

of lung HSPCs is currently unknown, the presence of HSPCs in both the adult and fetal 

lung raises many interesting questions regarding the lung’s influence on hematopoiesis. 

While lung HSPCs have the capacity to reconstitute the blood, their role in the 

establishment and/or maintenance of lung hematopoietic populations and overall 

hematopoiesis is not known. Furthermore, the hematopoietic niche is known to be 

important in the functionalization of local blood cells84–86, thus the role of the lung in 

instructing local blood development is another important avenue of investigation. 
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Hypothesis and Specific Aims 

We hypothesize that symbiotic interactions between MKs, hematopoietic progenitors, and 

the lung microenvironment aid in the development and functionalization of lung specific 

MKs and HSPCs. 

Aim 1: Profile lung-MKs and construct a cellular map of the lung-MK niche. 

Aim 2: Investigate the development of lung HSPCs and their origins. 
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CHAPTER TWO: LUNG MEGAKARYOCYTES DISPLAY DISTINCT 

TRANSCRIPTIONAL AND PHENOTYPIC PROPERTIES 

 

Disclaimer: Portions of the text from this chapter were adapted from the following 

publication: Yeung, A. K., Villacorta-Martin, C., Hon, S., Rock, J. R. & Murphy, G. J. Lung 

megakaryocytes display distinct transcriptional and phenotypic properties. Blood 

Advances 4, 6204–6217 (2020). A.K.Y. performed experimental design, data collection, 

data analysis, interpretation of data and manuscript preparation. C.V.M. performed the 

bioinformatic/computational analysis and supported the experimental design and 

manuscript preparation. S.H. and J.R.R. performed/supported data collection. G.J.M. 

performed experimental design, data collection, data analysis, interpretation of data and 

manuscript preparation. 

 

INTRODUCTION 

Megakaryocytes (MKs) and the platelets they produce are essential for clot formation, but 

both are also involved in critical biological processes including development, 

inflammation, and regeneration87–90. The majority of platelet biogenesis is thought to occur 

canonically in the adult bone marrow (BM) and in the fetal liver during development90. As 

such, our current understanding of MK development stems predominantly from the 

investigation of these tissues. The presence of MKs in the lung was first described in 1893, 

and emerging evidence further highlights the lung as a previously underappreciated 

residence for MKs that may significantly contribute to circulating platelet mass35,44,46,48,91–
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96. Interest in lung-MKs was reinvigorated with the application of intravital 2-photon 

microscopy to the lungs of live mice showing de-novo platelet production and immobile 

MKs residing in the lung interstitium55. However, approximations of the absolute number 

of platelets being generated in the lung remains heavily debated. Residency in the lung 

suggests MKs are interacting with a diversity of cells that differ widely from those found 

in the BM. Various cells specific to the BM niche, including osteoblasts and mesenchymal 

stromal cells, are known to promote the maturation and trafficking of MKs to carry out 

platelet production97–105. Beyond this, the BM niche induces MKs to adopt a myriad of 

other functions, including BM homeostasis and viral immunity87,106,107. 

 

We therefore hypothesized that MK maturation in the context of the lung niche induces 

localized MKs to adopt a lung-specific phenotype and functional profile. The need to better 

understand megakaryopoiesis in this context is further highlighted by recent work 

demonstrating the diverse, lung-specific influence of platelets. The multi-faceted role of 

platelets in the lung in both health and disease includes support of embryonic pulmonary 

development, protection against bacterial exotoxin-induced damage to the lung epithelium, 

and promotion of pulmonary fibrosis56–58,65,108. Whether these platelets are sourced from 

MKs found and functionalized in the lung or BM is currently not known. 

 

The role of platelets in inflammation and immunity is well described and continues to be a 

critical point of interest due to implications for human health64,89,109,110. While MKs alone 

are known to express functional toll like receptors (TLR) and produce inflammatory 
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cytokines, our knowledge of the MK immune profile largely stems from in-vitro studies, 

limiting our understanding of the significance of in-vivo MKs in immunity87. Furthermore, 

involvement of BM-MKs in immunity is primarily only appreciable upon stimulation by a 

stressor, such as infection or sepsis107,111–113. In contrast, recent evidence suggests that 

under homeostatic conditions, lung-MKs may possess a transcriptional signature skewed 

towards innate immune functions15. Lung-MKs also have demonstrated responsiveness to 

pulmonary insults including bacterial pneumonia and bleomycin55,114. 

 

Importantly, the methodologies utilized in previous studies have significant limitations 

concerning the tracking and isolation of lung-MKs. These include the use of promiscuous 

markers of the MK-lineage115–117, a lineage tracing model with significant off-target 

recombination in immune-cell populations118,119 , as well as the use of bulk sequencing 

methodologies that do not allow for the identification and investigation of individual cells.  

 

MKs are rare cells making up just 0.1% of the mouse BM, and there is a paucity of useful 

reagents/markers to isolate and study MK development. This led us to choose single-cell 

RNA Sequencing (scRNA-Seq) to transcriptionally profile lung-MKs at single cell 

resolution120,121. Furthermore, in order to profile MKs at different stages of development, 

we assessed both fetal and adult MKs. Flow cytometry in combination with scRNA-Seq 

analyses demonstrated that the majority of lung-MKs are terminally mature and possess a 

transcriptional and phenotypic profile that suggests they are primed for efficient platelet 

production. This analysis also confirmed the notion that lung-MKs have a phenotype 
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skewed towards immunity and inflammation. These findings demonstrate the existence of 

a unique lung-MK phenotype and support the hypothesis that the lung microenvironment 

plays a critical role in the development and functionalization of MKs. The immune 

phenotype displayed by lung-MKs also introduces the potential role of MKs as an integral 

component in the immune landscape of the lung. 

 

MATERIALS AND METHODS 

Mice 

10-week old and timed-pregnant C57/BL6 mice were purchased from Jackson 

Laboratories. All animal housing and experimental procedures were approved by the 

Boston University School of Medicine Institutional Animal Care and Use Committee 

(BUSM IACUC). 

 

Tissue isolation and processing 

Fetal tissue processing: 20 embryonic day 13 (E13) fetal mice were isolated from 3 timed-

pregnant mice. The fetal liver and lung were isolated from surrounding tissue by blunt 

dissection and set aside in a solution of 10% characterized fetal bovine serum in Hanks’ 

balanced salt solution (HBSS, Gibco). Using a 5mL syringe fitted with a 16-gauge needle, 

the fetal liver was drawn up and expelled several times to dissociate the tissue. Digested 

livers were filtered through a 70µm cell strainer before being resuspended in 3mL of red 

blood cell (RBC) lysis buffer (Sigma) for 5 minutes at 37oC. For all samples, 70µm 

strainers were used for filtering to best accommodate the large size of MKs, which in mice 
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average about 30µm in diameter and can be as large as 60µm1,122. Post-RBC lysis, cells 

were washed, filtered and resuspended in sort buffer (PBS with 2% RNase/DNase free 

BSA, Millipore). Fetal lungs were minced gently with a scalpel and placed into a digestion 

buffer consisting of the following: HBSS, 2.4U/mL Dispase II (Roche), 0.1% Collagenase 

A (Roche), and 2.5mM CaCl2 (Fluka). 4mL of digestion buffer per 5 embryonic lungs was 

used. This digest mixture was placed on a rocker at 37oC for 1-hour. Post digestion, lung 

samples were filtered and resuspended in RBC lysis for 1 min at 37oC, then washed, filtered 

and resuspended in sort buffer. 

 

Adult tissue processing: Week 10 adult C57/BL6 mice (5 Total: 3 Female and 2 Male) were 

anesthetized with isoflurane and euthanized by cervical dislocation. Using scissors, the 

abdomen was opened, and the renal and abdominal artery were cut. A thoracotomy was 

performed to expose the heart and lungs, and mice were perfused via the right ventricle 

with 5mL of PBS. Post-perfusion, lungs were removed and minced with a scalpel before 

being placed in a digest buffer containing the following: HBSS, 1mg/mL DNase I (Sigma), 

0.5mg/mL LiberaseTM (Sigma), and 1mg/mL Elastase (Worthington). 6mL of digestion 

buffer per adult lung were used. This digest mixture was placed on a rocker at 37oC for 30-

minutes. Post digestion, lung samples were pipetted up and down with a 5mL serological 

pipette to dissociate tissue, filtered and resuspended in 3mL of RBC lysis for 5 min at 37oC. 

BM was isolated from the femur and tibia as previously described123. In short, skin and 

muscle were dissected away from the femur and tibias bilaterally. Bones were crushed by 
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mortar and pestle to expose the marrow then flushed with PBS. BM isolates were filtered 

and resuspended in RBC lysis then washed, filtered and resuspended in sort buffer. 

 

Tissue Histology 

Adult mice were euthanized and transcardially perfused as described above. Post-

perfusion, lungs were removed and inflated via the trachea with 4% paraformaldehyde to 

fix inflate lungs. Fetal lungs could not be perfused and were thus placed directly into 

fixative. Lungs were fixed and cryoprotected overnight in sucrose and paraformaldehyde. 

Fixed tissue was then embedded and frozen in Optimum Cutting Temperature embedding 

medium. 5-6µm tissue sections were made using a cryostat and placed on slides. Sections 

were rinsed with PBS prior to permeabilizing and blocking in a solution of 0.4% Triton X-

100 and 10% NDS. Sections were stained overnight using the following primary 

antibodies: rat-anti-mouse-CD41 (1:100, MWReg30, Biolegend), Armenian hamster-anti-

mouse-CD42d (1:100, 1C2, Biolegend), rabbit-anti-TTF1/NKX2.1 (1:200, EP1584Y, 

abcam), Syrian hamster-anti-pdpn (1:100, 8.1.1, eBioscience), goat-anti-mouse-VECAD 

(1:100). Sections were subsequently stained with the appropriate secondary antibodies 

from JacksonImmuno all at 1:400 dilution: donkey-anti-rat Alexa Fluor 488, donkey-anti-

rabbit Alexa Fluor 647, goat-anti-Syrian hamster Alexa Fluor 647, donkey-anti-Armenian 

hamster Cyanine3, donkey-anti-goat Cyanine3. Sections were counterstained with 

Hoechst, cover slipped and imaged on the Zeiss LSM 710-Live Duo Confocal. Post-image 

processing was performed using ImageJ (NIH). 
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Flow cytometry 

A solution of 1% BSA in PBS, 5mM EDTA was used for staining and washing cells. 

Isolated cells were resuspended with the appropriate antibodies and stained on ice for 30 

minutes. Fc-Receptor block treatment was performed using an anti-mouse CD16/32 

antibody (BioLegend, Clone: 93) for 10 minutes prior to fluorescent staining. Flow 

cytometry was conducted on a Stratedigm S1000EXI, and FlowJo_v10.6.2 (FlowJo, LLC) 

software was used for analysis. Antibodies used: CD41a-BV421 (MWReg30, Biolegend), 

CD41a-PE (MWReg30, Biolegend), CD41a-APC (MWReg30, Biolegend), CD42d-APC 

(1C2, eBioscience), CD42d-PE (1C2, eBioscience), CD42d-Alexa Fluor 488 (1C2, 

eBioscience), CD284/TLR4-APC (SA15-21, biolegend), CD282/TLR2-APC (QA16A01, 

biolegend), I-A/I-E/MHCII-APC (M5/114.15.2, biolegend), CD74-Alexa Fluor 647 (In1, 

Biolegend). 

 

Ploidy Assay 

Pelleted cells from a BSA gradient were isolated and stained with CD41a-APC for 30 

minutes on ice. Stained cells were subsequently washed and resuspended in a solution of 

0.5mg/mL propidium iodide, 10% NP40, and 1% BSA in PBS then immediately analyzed 

by flow cytometry. 

 

BSA Enrichment 

To enrich for MKs, isolated bulk primary cells were resuspended in HBSS and gently 

placed on a 1.5%/3% BSA density gradient for 30 minutes at room temperature as 
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previously described124. Staining of enriched MKs was adapted based on previously 

described methods125.  

 

Single cell RNA sequencing 

Cell sorting for scRNA-Seq 

Cell sorting was conducted on a Beckman MoFlo Coulter Astrios. Isolated primary cells 

were stained with CD41a-APC and resuspended in sort buffer (2% BSA in PBS) containing 

Calcein Blue AM (1:1000). Live-singlets and the top 1% of CD41a-APC+ events were 

sorted into sort buffer. Cells counts and viability after sorting was confirmed by 

hemocytometer using trypan blue.  

 

10x Chromium  

Isolated cells were single cell captured using the 10X Genomics Chromium platform and 

prepared using the Single Cell 3’ v3 kit. Library preparation and sequencing was done at 

the Boston University Microarray and Sequencing Resource (BUMSR) Core using the 

Illumina NextSeq 500 instrument. 

 

Bioinformatic analysis 

Reads were demultiplexed and aligned to the mouse genome assembly (GRCm38, 

Ensembl) with the CellRanger pipeline v.3.0.2 (10X Genomics). Further analyses were 

done using Seurat v. 3.1.4126. After inspection of the quality control metrics, cells with 

more than 12% of mitochondrial content or less than 800 detected genes were excluded for 
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downstream analyses. We normalized and scaled the UMI counts using the regularized 

negative binomial regression (SCTransform)127. Following the standard procedure in 

Seurat’s pipeline, we performed linear dimensionality reduction (PCA), and used the top 

20 principal components to compute both the UMAP128 and the clusters (Louvain 

method)129 which were computed at a range of resolutions from 1.5 to 0.05 (more to fewer 

clusters). Adult populations were annotated using Louvain resolution 0.75, and fetal 

populations were annotated using Louvain resolution 0.25. The megakaryocyte 

populations in adult BM and lung as well as in fetal liver and lung were then combined for 

subsequent analyses (Fig. 2). Cell cycle scores and classifications were done using the 

Seurat method130. In order to annotate our samples, the same scoring method was used to 

calculate the enrichment in molecular signatures derived from cell types present in a 

previous publication131. The cut-offs for independent filtering132 prior to differential 

expression testing required genes: a) being detected in at least 10% of the cells of either 

population and b) having a natural log fold change of at least 0.25 between populations. 

The tests were performed using Seurat’s wrapper for the MAST framework133. For a 

comparison on the performance of methods for single-cell differential expression see 

Soneson & Robinson et al.134. GEO accession: GSE152574, Token: sdmtwiagzbsnfwl. 

 

Statistical analysis 

Significance for Enrichr based pathway enrichment was determined by Fisher exact 

test135,136. Significance for pairwise scRNA-Seq gene expression comparisons was 
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determined using the MAST framework133. Significance for flow cytometry assays 

performed in triplicate was determined by student paired t-test. 

 

RESULTS 

Adult lung-MKs are localized to the alveolar interstitium of the distal lung, and fetal 

lung-MKs are found both intra- and extra-vascularly. 

To better understand the location and the potential cellular interactions that may promote 

the development of a lung-MK phenotype, immunofluorescent microscopy was performed 

on cryosections of fetal and adult mouse lungs to visualize the niche of lung-MKs. Adult 

lung-MKs are preferentially localized to the distal lung within the interstitial space between 

adjacent alveoli (Fig 2.1. A-C). Additionally, multinucleated MKs were often found in 

close proximity to distal lung epithelial cells expressing NKX2.1 and podoplanin, which 

typically mark type 2 and type 1 alveolar epithelial cells, respectively. Fetal lung-MKs are 

found in the developing lung both intra- and extra-vascularly (Fig 2.1. D, E). Platelets were 

notably less abundant in fetal lung sections. 
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Figure 2.1 Adult lung-MKs are localized to the alveolar interstitium of the distal lung, and 

fetal lung-MKs are found both intra- and extra-vascularly. (A-C) Immunofluorescent staining 

of 5-6µm fixed-frozen WK10 adult mouse lung sections stained for markers of MKs (CD41a and 

CD42d), lung epithelial cells (NKX2.1), alveolar type 1 epithelial cells (PDPN), and nuclei 

(Hoechst). Lung borders and an alveolar airspace are outlined in gray dashed lines. Multinucleated 

adult lung-MKs were preferentially localized to the interstitium of the alveolar septum between 

neighboring alveoli. (D, E) Immunofluorescent staining of 5-6µm fixed-frozen E13 fetal mouse 

lung sections stained for VE-Cadherin (endothelial cell marker), CD41a, NKX2.1 and Hoechst. 

Fetal lung-MKs were identified in the developing lung in both extravascular (D) and intravascular 

(E) spaces. Platelets were notably less prevalent in the fetal lung. White and red arrows highlight 

platelets versus MKs, respectively. 
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Creation of a single-cell transcriptomic atlas of primary fetal and adult murine MKs 

from hematopoietic and pulmonary tissues. 

The developmental trajectory of the hematopoietic and pulmonary systems involves many 

stages throughout embryonic and post-natal maturation121,137,138. To create a transcriptomic 

library that spans multiple stages and sites of MK development, scRNA-Seq was performed 

on cells isolated from fetal liver and lung, as well as adult BM and lung (Fig. 2.2A). 

Embryonic day 13 (E13) was chosen as the fetal timepoint, which is when the majority of 

murine hematopoietic development is occurring in the liver124,137. Notably, post-natal lung 

development continues for many weeks but begins to plateau at around week 8 in adult 

mice139. To ensure sampling of adult MKs from a developmentally stable source, week 10 

(WK10) was chosen as the adult timepoint. Enrichment of MKs in all tissues was 

accomplished using flow cytometry to sort for CD41a+ cells (Fig. 2.2B, C). No BSA 

enrichment was done prior to sorting. Since CD41a is broadly expressed throughout the 

MK-lineage, it was chosen to ensure that MKs at various stages of development were being 

captured. Furthermore, based on prior publications that have assessed CD41a expression 

across hematopoietic cell types, we chose to gate on the top 1% of CD41a+ events to 

enhance enrichment of MK-lineage cells while still allowing for the capture of MK 

progenitors115,116,140. The gating strategy employed combined with the single cell 

transcriptomic profiling provides sufficient resolution to ensure accurate yet broad analysis 

of MKs at all development stages. Sorted MKs were also imaged to ensure that the strategy 

employed successfully captured nucleated MKs across a range of developmental states and 

not platelet aggregates (Fig. 2.3). 
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Figure 2.2. Development of a single cell transcriptomic atlas of primary murine 

megakaryocytes from fetal and adult mice. (A) Schematic of single cell RNA sequencing 

workflow. (B, C) Gating strategy utilized for flow cytometric sorting of live CD41a events. The 

top 1% of CD41a events were sorted for in order to preferentially enrich for MK lineage cells. 
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Figure 2.3. Immunofluorescent imaging of sorted MKs. Using the sorting strategy depicted in 

Fig. 2.2, sorted MKs were mounted onto slides and imaged using a Zeiss LSM 710 Live Duo 

Confocal microscope. (A E) Sorted BM and lung MKs showed membranous CD41a staining 

typical of putative MKs. Both tissue sources yielded larger, more mature MKs with large nuclei 

(A, C, D) as well as smaller MK progenitors (B, E).  
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Lung-MKs display a distinct transcriptional profile that is enriched for markers of 

maturation. 

Unsupervised Uniform Manifold Approximation and Projection (UMAP) clustering was 

performed on sequencing datasets from fetal lungs and livers, as well as adult lungs and 

BM (Fig. 2.4, B). Fetal and adult MK-lineage clusters were selected based on the 

expression of key MK-lineage marker genes including Fli1, Pf4, and Itga2b (Dashed box 

Fig. 2.5B, D), and remapped (Fig. 2.5A, C). Fetal lung-MKs (FLu) clustered separately 

from fetal liver-MKs (FLiv-1 and FLiv-2) (Fig. 2.5A). This trend was also seen when 

comparing adult lung-MKs (ALu) with adult BM-MKs (ABM-1, ABM-2 and ABM-3) 

(Fig. 2.5C), highlighting the unique transcriptional profile of both fetal and adult lung-

MKs. It should be noted that intra-vascular staining was not employed prior to scRNA-

Seq. However, others have previously demonstrated that approximately 80% of total lung-

MKs are extravascular, and our UMAP clustering resulted in 1 fetal-lung and 1 adult-lung 

cluster55. This suggests that the transcriptional profile of lung-MKs is relatively 

homogenous compared to BM and fetal liver MKs.  

 

Fetal and adult MK clusters were further evaluated by performing gene expression analysis 

against a set of genes canonically associated with MKs at varying maturational stages (Fig. 

2.5B, D). Fetal lung-MKs had the highest enrichment of several genes linked to MK 

development including Tubb1 and Gp1ba, markers of functional maturation141–143 (Fig 

2.5B). From the adult populations, ABM-1 displayed the highest expression of MK-lineage 

genes, suggesting that this population represents the most mature cluster of BM resident 
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cells (Fig. 2.5D). Notably, ABM-1 represents a very small fraction (4.5%) of the total MKs 

isolated from the BM. In contrast, the singular adult lung cluster (ALu) exhibited 

significantly higher expression of mature MK markers including Tubb1 and Gp1ba 

compared to clusters ABM-2 and ABM-3. These less mature BM clusters showed 

significant enrichment for Gp1bb, a marker enriched in MK progenitor populations144,145. 

Adult lung-MKs also clustered more closely to ABM-1 (Fig. 2.5C), suggesting a similar 

maturational profile that could be indicative of priming for platelet production. 

Collectively, this data suggests that there is a larger proportion of terminally mature MKs 

residing in the fetal and adult lung as compared to the fetal liver and BM, respectively. 
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Figure 2.4. Unsupervised UMAP clustering of all sequenced cells. (A) UMAP of cells isolated 

from embryonic day 13 fetal livers and lungs. (B) UMAP of cells isolated from week 10 adult bone 

marrow and lungs. 



29 
 

 

Figure 2.5. Lung-MKs are transcriptionally distinct from their hematopoietic counterparts. 

(A, C) UMAP clustering of MK-lineage clusters from fetal liver [FLiv-1, FLiv-2], fetal lung [FLu], 

adult bone marrow [ABM-1, -2, -3] and adult lung [ALu]. Fetal and adult lung-MKs clustered 

independently from their hematopoietic counterparts. Numbers in parentheses indicate cell counts 

for associated clusters. (B, D) Violin plots comparing expression of key MK genes between 

associated clusters. Key genes used to confirm MK lineage identity are outlined with a dashed box. 

Colors of violin plots in B and D correlate with their respective clusters shown in A and C, 

respectively. *p<0.01. Asterisks indicating significance were withheld from (B) for visual clarity. 
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Fetal lung-MKs display transcriptional priming for platelet and cytokine production. 

To further investigate the maturational development of lung-MKs, fetal MK clusters were 

uploaded to the KleinTools SPRING platform 

(https://kleintools.hms.harvard.edu/tools/spring)146. Visualization of fetal MK clusters 

with SPRING revealed a maturational trajectory of cells starting from progenitors and 

ending in terminally mature MKs (Fig. 2.6A). This trajectory plot was annotated for 

directionality of maturation by assessing the cell cycle phase and the intensity of expression 

of key lineage markers that included: Itga2b (CD41), Gp1ba (CD42b), and Tubb1 (Fig. 

2.7A-D). The intensity of expression of the progenitor markers Ptprc and Kit also helped 

determine directionality of maturation (Fig. 2.7E, F). 67% of the most mature clusters 

(dashed box, Fig. 2.6A) were made up of fetal lung-MKs. The top 150 genes enriched in 

the clusters of MKs outlined within this SPRING plot were cross referenced with the Wiki 

Pathways Mouse database. This analysis demonstrated an enrichment for cellular pathways 

important in proplatelet production, including ATP production, protein translation and 

cytoskeletal rearrangement (Fig. 2.6B). These cellular processes have been previously 

described to be more strongly associated with higher ploidy MKs147. Collectively, this 

suggests that fetal lung-MKs are in a more mature and metabolically active state that is 

primed for more efficient platelet production.  Fetal-MK clusters also displayed significant 

upregulation of various genes coding for cytokines and growth factors that are known to 

be packaged into platelet granules148–150 (Fig. 2.6C). Notably, fetal lung-MKs showed 

robust Tgfb1 expression and lung-specific enrichment for Igf1, both of which have been 

previously demonstrated to be critical in pulmonary development56,151–153. 
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Figure 2.6. Fetal lung-MKs display transcriptional priming for platelet and cytokine 

production. (A) SPRING plot of fetal MK-clusters. Directionality of maturation progresses from 

left to right and was determined based on key markers as described in Fig. 2.7. Percentages indicate 

which fraction of the outlined cells are represented by each respective cluster. (B) Gene set 

enrichment analysis of clusters outlined in a dashed box. (C) Violin plots comparing expression of 

various cytokines and growth factors across all fetal MK clusters. *p<0.0001 
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Figure 2.7. Annotation of SPRING plot directionality based on expression of maturation 

genes and cell cycle in fetal MK populations. (A D) This SPRING plot was annotated for 

directionality of maturation based on the density of cells in G1 interphase with high expression 

for the key maturation markers Itga2b, Gp1ba, and Tubb1, (E, F) as well as expression for the 

progenitor markers Kit and Ptprc. 
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Adult lung-MKs exhibit higher ploidy and express markers of maturation. 

To compliment these transcriptomic studies, adult MKs were also assessed via flow 

cytometry for ploidy and markers of maturity. Compared to BM-derived MKs, adult lung-

MKs possess a unique ploidy profile with a greater representation of high ploidy cells (Fig. 

2.8A, 2.9). Furthermore, flow cytometry demonstrated that a significantly higher 

proportion of adult lung-MKs expressed the key maturational marker CD42d (Fig. 2.8B, 

C). Taken together with the scRNA-Seq analyses, these data demonstrate that the majority 

of adult lung MKs possess a more developmentally mature profile that may be indicative 

of their propensity for more efficient platelet production. 
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Figure 2.8. Adult lung-MKs exhibit higher ploidy and express markers of maturation. (A) 

Ploidy analysis of CD41a+ MKs demonstrated a greater proportion of high ploidy MKs from the 

lung. (B,C) Flow cytometric assessment showed a greater proportion of lung-MKs positive for the 

key maturation marker CD42d which was significant across 3 biological replicates. BSA 

enrichment was used for these experiments. Ploidy analysis without BSA enrichment was also 

performed and showed similar results (Fig. 2.9). Exes and dots represent individual data points, 

while dashes are averages. *p<0.05 
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Figure 2.9. Ploidy analysis without BSA gradient. Primary cell isolates were not enriched for 

MKs with a BSA gradient before being stained for 30 minutes at 37o C with 15ug/mL Hoechst and 

5µM Reserpine. Cell were washed and subsequently stained with CD41a APC and CD42d AF488 

for 30 minutes. Propidium iodide was used for live dead cell selection. Cells were analyzed on a 

BD LSRII flow cytometer. This modified ploidy protocol demonstrated a higher fraction of high 

ploidy CD41a+/CD42d+ MKs in the lung. 
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Lung-MKs are skewed towards immunity and inflammation. 

Differential gene expression analysis was performed on fetal and adult MK clusters as 

defined by UMAP (Fig. 2.10, 2.11). Using Enrichr analysis, the top 40 differentially 

expressed genes were cross referenced with the Gene Ontology Biological Process 

database. This analysis revealed robust enrichment for immune and inflammatory 

processes in fetal lung-MKs (Fig. 2.10). In contrast, fetal liver-derived populations were 

enriched for pathways related to vascular development and nuclear processes (Fig. 2.12). 

Adult lung-MKs also showed upregulation of immune and inflammatory processes (Fig. 

2.11). Alternatively, ABM-1 showed enrichment for processes important to proplatelet 

production, including cytoskeletal organization and protein localization to endosomes. The 

gene set enriched in ABM-1 was notably more comparable to ALu versus ABM-2 and 

ABM-3 (dashed box, Fig. 2.11), further suggesting a more similar maturation profile 

between adult lung-MKs and ABM-1, the most mature BM-MK cluster. ABM-2 and 

ABM-3 demonstrated enrichment for pathways related to cell division and DNA 

processing, suggesting a more proliferative and immature profile (Fig. 2.13). Differential 

gene expression analyses comparing fetal lung-MKs versus adult lung-MKs revealed the 

enrichment of MHC class II antigen presentation genes specific to adult lung-MKs (Fig. 

2.14). 
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Figure 2.10. Differential gene expression and pathway analysis demonstrate the immune 

phenotype of fetal lung-MKs. Heatmap and gene set enrichment analysis illustrating robust 

upregulation of immune/inflammatory genes in fetal lung-MKs. The top 20 differentially expressed 

genes associated with each cluster are listed on the left of the heatmap. The GO pathways associated 

with the remaining clusters are shown in Fig. 2.12. 

 

 

 

 



38 
 

 

Figure 2.11. Differential gene expression and pathway analysis demonstrate the immune 

phenotype of adult lung-MKs. Heatmap and gene set enrichment analysis illustrating robust 

upregulation of immune/inflammatory genes in adult lung-MKs. Adult bone marrow cluster 1 

showed enrichment for processes important in proplatelet production, which was notably also 

upregulated in the adult lung population outlined in a dashed black box. The top 20 differentially 

expressed genes associated with each cluster are listed on the left of the heatmap. The GO pathways 

associated with remaining clusters are shown in Fig. 2.13. 
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Figure 2.12. Extended pathway analysis of fetal liver MKs. Pathway analysis of fetal liver MK 

clusters revealed enrichment for pathways related to vascular development and nuclear processes. 
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Figure 2.13. Extended pathway analysis of adult MKs. ABM 2 and ABM 3 demonstrated 

enrichment for pathways related to cell division and DNA processing, suggesting a more 

proliferative and immature profile 
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Figure 2.14. Differential gene expression analysis comparing fetal lung MKs versus adult lung 

MKs. The top 20 conserved genes are genes previously demonstrated to be associated with MKs, 

confirming the MK identity of both populations assessed. The top 4 differentially expressed genes 

in adult lung MKs (outlined with a purple box) are genes associated with MHC class II antigen 

presentation. 
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To further assess the immune profile of lung-MKs, gene expression analysis of various 

surface immune markers and chemokines was performed (Fig. 2.15A). Within this gene 

set there was a distinct pattern of expression when comparing BM and lung-MKs. Notably, 

lung-MKs showed significantly higher transcriptional expression of many toll-like 

receptors (TLR), chemokines and the immune marker Cd74. To assess protein level 

expression, flow cytometric analyses of surface immune markers were performed on 

CD41a+/CD42d+ MKs (Fig. 2.15B). Expression of TLR2, TLR4 and MHCII was 

significantly higher in lung-MKs (Fig. 2.15C), suggesting that lung-MKs and the platelets 

they produce may have significant roles in microbial surveillance and antigen presentation.   
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Figure 2.15. Adult Lung-MKs exhibit significant upregulation of immune markers. (A) Gene 

expression analysis of various toll like receptors, chemokines and the surface immune marker Cd74 

showed a distinct expression pattern with markedly more enrichment for many of these genes in 

lung-MKs. (B) Flow cytometric assessment of TLR2, TLR4, CD74 and MHCII was performed on 

CD41a+/CD42d+ MKs. (C) Percent of cells expressing these immune markers was quantified 

across 3 replicates, which demonstrated significantly higher expression of TLR2, TLR4 and MHCII 

in Lung-MKs. BSA enrichment was not used prior to immune marker analyses. *p<0.05 

 



44 
 

DISCUSSION 

In this study, we have explored the positioning of MKs within the lung architecture which 

may promote the specialization of both hematopoietic and pulmonary tissue types. 

scRNAseq allowed us to profile individual MKs in syngeneic tissues and revealed a distinct 

transcriptional signature in lung-MKs.  Interestingly, lung-MKs are more mature, may be 

primed for more efficient platelet production, and have an immune and inflammatory 

signature. Collectively, these findings suggest that the lung microenvironment plays a 

significant role in promoting the development of a lung-specific phenotype, thus further 

supporting the notion that the lung is a major site of MK development and 

functionalization. 

 

Terminal maturation of MKs is a critical developmental process that increases a MK’s 

capacity to efficiently produce high volumes of platelets154,155. During this process, MKs 

upregulate genes critical to the formation of proplatelets and their function in 

coagulation155–158. Lung-MKs demonstrated significant upregulation of these key 

maturational genes including Tubb1 and Gp1ba, both of which have been previously shown 

to be strong indicators of late-stage maturity141–143. Furthermore, pathway analysis showed 

enrichment for processes related to ATP production, protein synthesis, and cytoskeletal 

rearrangement, which are of relevance to the energy intensive processes that preface 

platelet biogenesis90,154. Others have also demonstrated via scRNA-Seq that higher ploidy 

MKs are enriched for gene sets related to protein translation and cell metabolism147, which 

aligns with the findings described above as well as the high ploidy status of lung-MKs that 
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we have described here. Endomitotic divisions increase ploidy and cell size, which are 

critical for increasing protein production and expanding available cell membrane to fuel 

efficient platelet production90,159. High platelet output is further supported by turbulent 

blood flow, which has been suggested to be a unique feature of the lung vasculature that 

further supports pulmonary platelet biogenesis160. Upon budding off from their parent MK, 

platelets are carried off into circulation to carry out a variety of functions.  

 

One key function of platelets is the transport of cytokines and growth factors to support 

development and regeneration49. Notably, other groups have demonstrated that lung 

specific processes are supported by factors sourced from or enriched in platelets. Platelet 

derived SDF1 promotes alveolar regeneration post-pneumonectomy57. Transforming 

growth factor beta 1 (TGFβ1) is critical for the early embryonic patterning of healthy 

lungs56,151,161–163. IGF1 is critical in the development of many tissues, including the lung164–

166. Although some of these studies highlight platelets as the source of these factors, the 

tissue source of the platelets is currently unclear. Despite differences in maturation, our 

analyses of fetal-MK populations revealed robust transcriptional expression of Tgfb1 and 

lung-specific enrichment of Igf1. This suggests that the observed differences in expression 

of growth factors are not solely an artifact of maturational state. Although the liver is the 

primary source of IGF1 during embryonic development, blood oxygenation is provided by 

the mother and approximately 16% of total blood flow passes through the murine 

pulmonary circulation167. We also observed a low prevalence of platelets in fetal lung 

sections, suggesting that this reduced blood flow restricts the passage of platelets to the 
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developing lung. As such, fetal lung-MKs may be providing a locally enriched source of 

growth factors that support the development of the embryonic lung. 

 

Recent investigation of MKs and platelets continues to reveal their previously 

underappreciated roles in inflammation and immunity87–89,55,114. By employing scRNA-

Seq, we demonstrated that lung-MKs in both fetal and adult mice are indeed skewed 

towards an immune phenotype. Others have purported that the adoption of an immune 

phenotype may be a result of interactions between the non-sterile environment of the lung 

niche and resident MKs55. While this may hold true in the adult lung, embryogenesis occurs 

under aseptic conditions yet fetal lung-MKs still develop an immune phenotype in the 

absence of lung microbiota168,169. This suggests that the lung-MK microenvironment 

promotes the adoption of an immune phenotype independently of influence from 

interactions with foreign antigens. The physiological significance of lung-MKs being 

skewed toward a role in immunity remains unanswered. However, we demonstrate 

significant upregulation of TLR2, TLR4 and MHCII in lung-MKs, which suggests that 

lung-MKs and their platelet progeny may have important roles in microbial surveillance 

and antigen presentation. These findings were corroborated by a recent publication 

utilizing both scRNA-Seq and functional immune studies to demonstrate the in-vivo and 

ex-vivo antigen presentation capabilities specific to lung-MKs170. However, in contrast to 

our findings, this group demonstrated a lower ploidy profile in lung-MKs. The discrepancy 

may be due, in part, to differences in employed methodologies of cell isolation and sorting 
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strategies. Nevertheless, the collective findings from both studies highlight the need to 

further investigate the unique features of this cell population. 

 

Our findings suggest the existence of symbiosis between the lung and resident MKs. In this 

scenario, the lung niche supports MK development and may further functionalize resident 

MKs. Reciprocally, resident MKs and platelets may support the lung in processes such as 

microbial defense and embryonic development. Further investigation into the development 

of lung-MKs and their respective functional repertoire may shed light on the origin of 

platelets that promote or protect against the development of life-threatening lung disorders, 

such as lung fibrosis, acute respiratory distress syndrome and tumor progression63,108,171–

174. This is particularly relevant in the wake of the SARS-COV-2 pandemic, in which 

patients presenting with both severe and mild respiratory symptoms have exhibited life 

threatening systemic coagulopathies including stroke, multi-organ thrombosis and 

disseminated intravascular coagulation175–180. Furthermore, multiple groups have described 

an increase in alveolar MKs in histopathological lung sections of SARS-COV-2 

patients181,182. These findings, combined with the immune phenotype of lung-MKs, raise 

questions about the involvement of lung-MKs in the pathogenesis of SARS-COV-2 

infection and other pulmonary diseases. Developing an enhanced understanding of lung-

MKs will further support the continuing search for novel therapeutics to treat lung diseases 

and will greatly advance our understanding of the organ specific role of MKs. 
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CHAPTER THREE: DE-NOVO HEMATOPOIESIS FROM THE FETAL LUNG 

 

Disclaimer: Portions of the text from this chapter were adapted from the following pre-

print publication: Yeung, A. K. et al. De-Novo Hematopoiesis from the Fetal Lung. 

2022.02.14.480402 (2022) doi:10.1101/2022.02.14.480402. A.K.Y. performed 

experimental design, data collection, data analysis, interpretation of data and manuscript 

preparation. G.J.M. performed and supervised experimental design, interpretation of data 

and manuscript preparation. C.V.M. and J.L.V. performed the 

bioinformatic/computational analysis and supported the experimental design and 

manuscript preparation. A.C.B, K.V., T.W.D., A.B.Y., V.V., G.M. and A.B.B assisted with 

data collection and manuscript preparation. 

 

INTRODUCTION 

Hematopoietic stem cells (HSCs) originate from a rare sub-population of arterial 

endothelial cells known as HECs. Making up just 1-3% of the total endothelial cell 

population in the aorta-gonad-mesonephros (AGM), HECs are commonly thought to be 

confined to a small window of gestation between embryonic days 8 to 11 (E8-11) in mice, 

and E27-40 in humans183,184. Within this time window, HECs can also be found in other 

hematopoietic organs and vessels including the yolk sac, placenta, and vitelline and 

umbilical arteries84,185–189. Some studies suggest that HECs may not be restricted to these 

hematopoietic organs and developmental window. Work from others suggests that 

functional HECs may also be found in the embryonic head around E10-E11 as well as the 
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perinatal chicken and murine bone marrow (BM)190,191. Collectively, these studies 

demonstrate that our spatiotemporal understanding of HECs remains limited and raises 

questions about the hematopoietic potential of other organs. 

 

Recent studies have highlighted the presence and importance of various resident blood cell 

populations in the lung66. In particular, the lung was demonstrated to be a reservoir of 

HSPCs, but the origins of this population of progenitors remains unknown55,83,192. In-utero 

mechanical stimuli have been shown to be an important environmental cue for both HEC 

and pulmonary development. More specifically, cyclic stretch induced activation of Yes 

Activated Protein (YAP) signaling in the AGM promotes EHT193. Interestingly, rhythmic 

breathing movements begin occurring around E16 in fetal mice, and mechanical stimuli 

has a significant impact on fetal airway and alveolar epithelial development194–196. Beyond 

mechanical signaling, cell-cell extrinsic signaling within the AGM niche is critical for 

EHT. The ventral wall of the dorsal aorta is the most common site of EHT due to its 

proximity to the underlying mesenchyme which modulates EHT via Notch, BMP4, SHH, 

and Wnt pathways185,197,198. All of these pathways are similarly very important in 

pulmonary fetal development139. 

 

Based on these parallels, we hypothesized that the fetal lung is another potential site of 

hemogenic endothelium with the functional capacity to produce hematopoietic progenitors. 

Employing fetal lung explant cultures, we demonstrate that the murine and human fetal 

lung are sources of putative HECs. Multipotent, fetal lung-derived HSPCs showed the 
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canonical features of cells produced by EHT as determined by flow cytometry, single cell 

transcriptomics, functional assays and immunofluorescent histology. These findings 

highlight the fetal lung as another potential site of de-novo hematopoiesis, suggesting that 

the lung may have a greater role in instructing tissue specific hematopoiesis and/or overall 

hematopoietic development. 

 

MATERIALS AND METHODS 

Ethics Statement 

All animal housing and experimental procedures were approved by the Boston University 

School of Medicine Institutional Animal Care and Use Committee (BUSM IACUC). Work 

involving human tissue samples was approved by Partners Human Research Committee 

(Protocol #2016P001106). 

 

Tissue isolation and processing 

Mouse 

E17 timed-pregnant C57/BL6 mice were purchased from Jackson Laboratories. The fetal 

liver and lung were isolated from surrounding tissue by blunt dissection and set aside in a 

solution of 10% characterized fetal bovine serum in Hanks’ balanced salt solution (HBSS, 

Gibco). Using a 5mL syringe fitted with a 16-gauge needle, the fetal liver and fetal lung 

were drawn up and expelled several times to physically dissociate the tissue. Samples were 

subsequently placed in a digest buffer containing HBSS, 1mg/mL DNase I (Sigma), and 

0.5mg/mL LiberaseTM (Sigma). This digest mixture was placed on a rocker at 37oC for 
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30-minutes to 1-hour. Post-digestion, lung samples were filtered and resuspended in RBC 

lysis for 5 min at 37oC, then washed, filtered, and resuspended in HSPC medium. 

 

Human 

All fetal samples were within the age range between 19-24 weeks post-conception. Lung 

lobes were dissected away from the main airways and minced with a scalpel before being 

placed in a digest buffer containing HBSS, 1mg/mL DNase I (Sigma), and 0.5mg/mL 

LiberaseTM (Sigma). This digest mixture was placed on a rocker at 37oC for 30-minutes 

to 1-hour. Post digestion, lung samples were filtered and resuspended in RBC lysis for 5 

min at 37oC, then washed, filtered, and resuspended in HSPC medium. 

 

Explant Cultures 

Isolated cells suspended in HSPC medium were plated onto Matrigel coated plates. HSPC 

medium was made up of StemPro-34 Serum Free Medium, 50 µg/ml ascorbic acid, 400 

nM monothioglycerol, 100µg/ml Primocin, 2 mM L-glutamine, and the following human 

or murine growth factors: 50 ng/ml vascular endothelial growth factor A (VEGFA), 100 

ng/ml basic fibroblast growth factor (bFGF), 100 ng/ml stem cell factor (SCF), 100 ng/ml 

FMS-related tyrosine kinase ligand (FLT3L), 100 ng/ml thrombopoietin (TPO), 100 ng/ml 

Interleukin-6 (IL6). On the third day of all cultures, media was aspirated, rinsed once with 

PBS, and fresh media was applied. 
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MethoCult Colony-Forming Unit (CFU) Assay 

CFU assay was performed using the murine MethoCult GF M3434 (Stem Cell 

Techologies) or human MethoCult H4034 Optimum (Stem Cell Techologies) kit. 

Procedure was performed per manufacturer’s instructions. 

 

Tissue Histology and Cell Imaging 

A small portion of the human fetal lung was fixed in 4% paraformaldehyde for 2 hours, 

cryoprotected in 30% sucrose and embedded in Optimum Cutting Temperature embedding 

medium. 10-12µm tissue sections were made using a cryostat. Sections were rinsed with 

PBS prior to permeabilizing and blocking in a solution of 0.4% Triton X-100 and 10% 

NDS. A list of antibodies used for immunofluorescence can be found under Table 1. 

 

Imaging of cell cultures were performed using a Keyence BZ-X700 fluorescence 

microscope. Cytospins were stained using the Hema 3 Stat Pack (Fisher) and imaged using 

a Nikon Eclipse NiE. 

 

Flow cytometry 

All staining and washing steps were done using a solution of 1% BSA in PBS, 5mM EDTA. 

Single cell suspensions were stained with the appropriate master mix of antibodies on ice 

for 30 minutes. A table of antibodies used for analysis can be found under Table 1. Fc-

Receptor block treatment was performed using an anti-mouse CD16/32 antibody 

(BioLegend, Clone: 93) or anti-human Fc receptor block (biolegend, Human TruStain FcX) 
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for 10 minutes prior to the addition of master mix. True-Stain Monocyte Blocker 

(BioLegend) and Brilliant Stain Buffer Plus (BD Biosciences) were included in master mix 

to minimize non-specific staining. Single stain controls were processed using cells and/or 

beads (Invitrogen, UltraComp eBeads Plus). Flow cytometry was performed using either a 

BD LSRII, a Stratedigm S1000EXI or a 5-laser Cytek Aurora spectral flow cytometer. 

Analysis was performed using FlowJo_v10.8 (FlowJo, LLC) software. 

 

Table 1. Antibodies used for flow cytometry and immunofluorescent microscopy. 
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Single cell RNA sequencing 

Adherent cells from days 4, 5 and 6 of explant cultures were released from Matrigel coated 

wells using Accutase. Collected cells were stained for VE-Cadherin-APC-Cy7 and 

resuspended in sort buffer (2% BSA in PBS) containing Calcein Blue AM (1:1000). Using 

a Beckman MoFlo Coulter Astrios, live-singlets and VECAD+ events were sorted into sort 

buffer (2% BSA in PBS with 5mM EDTA). Cells counts and viability after sorting were 

confirmed by hemocytometer using trypan blue. Suspension cells were left unsorted as 

VECAD expression is lost gradually as hematopoietic cells differentiate post-EHT 

emergence. VECAD+
 sorted adherent cells and unsorted suspension cells were single cell 

captured using the 10X Genomics Chromium platform and prepared using the Single Cell 

3’ v3 kit. Library preparation and sequencing was done at the Boston University 

Microarray and Sequencing Resource (BUMSR) Core using the Illumina NextSeq 2000 

instrument. 

 

Bioinformatic analysis 

Reads were demultiplexed and aligned to the mouse genome assembly (GRCm38, 

Ensembl) with the STARsolo pipeline199. Further analyses were done using Seurat v. 

3.1.4126. After inspection of the quality control metrics, cells with more than 12% of 

mitochondrial content or less than 800 detected genes were excluded for downstream 

analyses. We normalized and scaled the UMI counts using the regularized negative 

binomial regression (SCTransform)127. Following the standard procedure in Seurat’s 

pipeline, we performed linear dimensionality reduction (PCA), and used the top 20 
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principal components to compute both the UMAP128 and the clusters (Louvain method129) 

which were computed at a range of resolutions from 1.5 to 0.05 (more to fewer clusters). 

Cell cycle scores and classifications were done using the Seurat method130. The cut-offs 

for independent filtering132 prior to differential expression testing required genes: a) being 

detected in at least 10% of the cells of either population and b) having a natural log fold 

change of at least 0.25 between populations. The tests were performed using Seurat’s 

wrapper for the MAST framework133. For a comparison on the performance of methods for 

single-cell differential expression see Soneson & Robinson et al.134.  

 

Statistical analysis 

Significance for Enrichr based pathway enrichment was determined by Fisher exact 

test135,136. Significance for pairwise scRNA-Seq gene expression comparisons was 

determined using the MAST framework133. Significance for flow cytometry assays 

performed in biological triplicate was determined by student paired t-test. 

 

RESULTS 

Murine fetal lung explant cultures produce HSPCs 

To assess the functional capacity of potential lung HECs to produce blood progenitors, 

cells isolated from murine E17 lungs were plated onto Matrigel coated plates in an adapted 

hematopoietic differentiation media, termed HSPC medium200. This serum-free media was 

formulated to support the final stages of specification of HECs into HSPCs. The primary 

rationale for choosing E17 was that (1) this is during the window that fetal breathing 
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movements are occurring194, and (2) E17 is a timepoint that is distant from the AGM EHT 

window (E8-11)183, thus helping to minimize contamination from AGM-EHT derived 

progenitors. 

 

In contrast to fetal liver explants where immediate expansion of floating cells is observed 

due to an expanding hematopoietic progenitor population, fetal lung explants initially 

developed a robust adherent layer. Discrete clusters of suspension cells are observed by 

day 3, which expand to robust colonies between days 4-6 (Figure 3.1A). To visually 

determine cell identity based on their morphology, Wright-Giemsa stains of cytospins of 

day 6 suspension cells were performed, which revealed cells with a progenitor-like 

morphology as well as various differentiated hematopoietic cells including 

macrophages/monocytes, neutrophils and megakaryocytes (Figure 3.1B). This diversity of 

hematopoietic cells suggests that hematopoietic progenitors are arising from these cultures. 

To examine this, suspension cells were functionally assessed for progenitor potential by 

MethoCult assay. Day 4-6 suspension cells showed similar potential to form all types of 

colony forming units (CFUs), but this potential was no longer detected at Day 8 (Figure 

3.1C, D). Progenitor phenotyping was further assessed by flow cytometric assessment of 

the broad murine HSPC markers Lin-/Sca+/Kit+ (LSK) and the SLAM markers CD48 and 

CD150. A greater fraction of CD45+ hematopoietic cells isolated from the adherent cell 

layer were LSK-HSPCs and CD48-/CD150+ SLAM marker defined HSCs (Figure 3.1E). 

Collectively, these data suggest that the adherent layer of cells from fetal lung explants 

gave rise to HSPCs. 



57 
 

 

Figure 3.1. Murine fetal lung explant cultures produce HSPCs. (A) Images of a single position 

between days 3 to 6 of a murine fetal lung explant culture. (B) Cytospin of fetal lung derived 

suspension cells. Images are annotated for cell type: MK = Megakaryocyte, N = Neutrophil, M = 

Monocyte/Macrophage, P = Progenitor. (C) Images of representative colonies from a CFU assay. 

(D) Colony counts from CFU assays performed with day 4, 5, 6 and 8 suspension cells. (E) 

Representative plots of flow cytometric assessment of LSK and SLAM marker defined HSPC 

populations. Suspension represents cells that were floating in media, and Adherent represents cells 

that were collected post-treatment with Accutase. Error bars represent standard deviation. 
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Murine fetal lung explants exhibit the dynamics of EHT 

Time-lapse capture of live explant cultures from days 5-6 showed adherent cells 

transitioning to suspension cells (data not shown). These observations closely mimic AGM 

explant cultures and in-vitro based hematopoietic differentiations showing the transition of 

HECs into hematopoietic cells201–204. The resultant pre-HSPCs that are birthed from AGM 

derived HECs retain some endothelial markers and are marked by co-expression of the 

endothelial marker vascular endothelial cadherin (VECAD) and the broad hematopoietic 

marker CD45205. Fetal Lung explants gave rise to VECAD+/CD45+ cells, and a gradual 

reduction in VECAD expression coincided with the expression of the more differentiated 

marker CD45 (Figure 3.2A). The fraction of CD45+ cells that were VECAD+ also 

decreased with successive days of culture (Figure 3.2B). Time matched fetal livers, which 

house HSPCs but not HECs206, were cultured under the same conditions and did not result 

in the production of a population of VECAD+/CD45+ cells (Figure 3.3A). This suggests 

that fetal lung derived VECAD+/CD45+ pre-HSPCs are not resultant from the expansion 

of pre-existing progenitors. SLAM marker defined HSCs were predominantly present 

amongst the VECAD+ suspension cells (Figure 3.2C). With time, a gradual reduction in 

the fraction of VECAD+ HSCs was observed, which coincided with the expansion of the 

more lineage restricted hematopoietic progenitor cell 1 (HPC-1) and HPC-2 populations. 

 

Beyond VECAD, successive staging from a pro-HSC to a pre-HSC phenotype is marked 

by the expression of CD41 and CD43, respectively207. EPCR and CD44 have also been 

previously demonstrated as markers of pre-HSPCs207–209. Fetal lung derived 
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VECAD+/CD45+ cells showed expression of CD41, CD43, CD44, and EPCR (Figure 

3.2D). There was a notable reduction in CD41, CD43 and EPCR expression as these cells 

transitioned into a suspension state. Intensity of EPCR expression also decreased as 

VECAD+/CD45- cells matured away from an endothelial signature (Figure 3.3B). In 

contrast, CD41 expression transiently peaked at the VECAD+/CD45+ pre-HSPC stage. 

Under these experimental conditions, however, no notable changes in CD44 expression 

were observed regardless of physical and maturational state. We also observed 

significantly less expression of pre-HSC markers on fetal liver VECAD+/CD45+ cells 

suggesting that in contrast to those from the fetal lung, these cells are likely not pre-HSPCs 

(Figure 3.3A). 
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Figure 3.2. Murine fetal lung explants exhibit the dynamics of EHT. (A) Flow cytometric 

assessment of VECAD and CD45 expression on day 5 fetal lung explants. (B) CD45 and VECAD 

expression across days 4 to 6. VECAD expression is gradually lost as endothelial cells complete 

their transition to CD45+ hematopoietic cells, and this process diminishes across days 4-6 of 

culture. (C) Assessment of SLAM marker defined HSPC populations stratified by VECAD 

expression across multiple days in culture. (D) Assessment of pre-HSC and EHT markers on 

VECAD+/CD45+ defined progenitors and separated by adherent versus suspension cell 

populations. 
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Figure 3.3. Assessment of EHT and pre-HSC markers on fetal liver and fetal lung explants. 

(A) Comparison of EHT and pre-HSC markers between fetal liver and fetal lung explants. (B) 

Comparison of EHT and pre-HSC markers between populations differentiated by VECAD and 

CD45 expression. 
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Human fetal lung explants undergo EHT to produce HSPCs 

In an effort to understand if this phenomenon is conserved in humans, cells collected from 

human fetal lungs isolated from embryos aged between 19-24 weeks post-conception were 

cultured under the same conditions described above. Similar to murine fetal lung explants, 

human fetal lung explants initially developed an adherent layer and gave rise to suspension 

cells between days 7-10 (Figure 3.4A). Cytospins and flow cytometry of suspension cells 

showed progenitor-like cells and various differentiated cell types, including 

megakaryocytes, red blood cells, monocytes/macrophages and neutrophils (Figure 3.4B, 

C). Suspension cells assessed by Methocult assay also showed CFU capacity (Figure 

3.4D). These data collectively suggest that human fetal lung explants are giving rise to 

HSPCs capable of multilineage differentiation. 

 

To assess whether these suspension cells were derived via EHT, flow cytometric 

assessment of endothelial and HSPC markers was performed on human fetal lung explants 

(Figure 3.4E). Human HSPCs were broadly defined by co-expression of the progenitor 

marker CD34 and the hematopoietic marker CD45. The majority of fetal lung derived 

CD34+/CD45+ progenitors co-expressed VECAD, which was downregulated as these cells 

differentiated and lost expression of CD34. Additionally, fetal lung derived HSPCs 

expressed the HSPC markers KDR, GPI80, CD44 and EPCR. Reduction in the expression 

of these pre-HSPC/HSPC markers coincided with the loss of CD34 expression. Notably, 

human fetal lung derived HSPCs were enriched with a distinct CD44-high population, 
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which others have reported is a marker of type II pre-HSPCs found within the intra-aortic 

hematopoietic clusters of the AGM208. 
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Figure 3.4. Human fetal lung explants undergo EHT to produce HSPCs. (A) Image of a human 

fetal lung explant culture showing a robust population of floating hematopoietic cells against a 

background of adherent cells. (B) Cytospin of human fetal lung suspension cells. (C) Flow 

cytometric assessment of differentiated erythrocyte and megakaryocyte populations. (D) Images of 

representative colonies from a CFU assay. (E) Assessment of pre-HSC and EHT markers on 

CD34+/CD45+ defined progenitors versus CD34-/CD45+ differentiated hematopoietic cells. 

 

Hematopoietic clusters are a common histological hallmark of EHT occurring within the 

AGM and can be found in other organs that exhibit EHT including the placenta, and the 

umbilical and vitelline arteries189. To investigate whether fetal lung EHT can occur in-vivo 

we performed immunofluorescent staining of fixed-frozen human fetal lung sections. 

Immunofluorescent analysis revealed distinct regions of colocalized cells co-expressing 

the broad hematopoietic marker CD45, the endothelial marker VE-Cadherin, and the pre-

HSC marker CD41a (Figure 3.5A). Additional staining for E-Cadherin suggests that these 

regions of EHT are not localized within the developing lung epithelium (Figure 3.5B). 
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Figure 3.5. Immunofluorescent staining of in-situ fetal lung EHT. 12µm sections of a fixed 

frozen post-conception week 20 human fetal lung stained with the broad hematopoietic marker 

CD45, the EHT marker CD41, the endothelial marker VECAD, the epithelial cell marker E-

Cadherin, and the nuclear stain Hoechst. (A) Cells co-expressing VECAD, CD41 and CD45 are 

highlighted with yellow arrows. Anucleate platelets single positive for CD41 are highlighted with 

green arrows. Differentiated hematopoietic cells only positive for CD45 are highlighted with white 

arrows. (B) Cells co-expressing VECAD and CD41 are highlighted with teal arrows, demonstrating 

they are not in developing E-Cadherin+ epithelial spaces, which are highlighted by a white asterisk. 
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Single cell transcriptomic mapping of murine fetal lung EHT 

To map the developmental trajectory of cells produced in the murine fetal lung explant 

model system and to illustrate the repertoire of cells involved in the process, Single cell 

RNA sequencing (scRNA-Seq) was performed. The optimal time window for EHT in our 

model was determined to be from days 4-6 with the peak of CD45+/VECADlo cells on day 

5 (Figure 3.6A). Since cells that have recently undergone EHT transiently retain 

expression of VECAD, adherent cells were collected into a single cell suspension and 

sorted for VECAD+ to enrich for both endothelial cells and cells undergoing transition 

(Figure 3.6B). To ensure the capture of progenitor cells as well as differentiated cells that 

have downregulated VECAD post-EHT, suspension cells were collected for sequencing 

but left unsorted. The single cell capture and processing was performed using the 

Chromium 10x Genomics platform, and subsequently sequenced using the Illumina 

NextSeq 2000 platform. A schematic of the sequencing methodology as well as cell capture 

numbers and read depth can be found in Figure 3.6C, D. 
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Figure 3.6. Optimization of scRNA-Seq protocol and analysis. (A) Comparison of the fraction 

of VECADlo cells that are CD45+. (B) Sorting strategy for scRNA-Seq of adherent cells from fetal 

lung explants. (C) Schematic of scRNA-Seq procedure. (D) Table showing baseline metrics of 

scRNA-Seq analysis. 
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SPRING analysis revealed a trajectory of cells transitioning from an adherent to a 

suspension state through 3 distinct clusters: endothelial, transitional, and hematopoietic 

(Figure 3.7A, B). Supervised gene expression analyses of canonical endothelial markers 

showed robust expression and subsequent downregulation in the endothelial and 

transitional populations, respectively (Figure 3.7C). Analysis of genes previously 

described to be important during EHT, many of which were recently reviewed185, 

highlighted the expression of these key markers at a discrete stage of EHT. For example, 

Notch1, Jag1, Dll4, and Sox17 were largely isolated to the endothelial cell stage. In 

contrast, Yap1 and Tead1 demonstrated sustained expression through the transitional cell 

stage. These results are in agreement with other reports demonstrating that Notch1 and 

Sox17 are critical in the early patterning of HECs, but their continued expression 

throughout EHT can be restrictive210,211. In contrast, Yap was previously shown to be 

critical in the maintenance of EHT, but not its initiation193. Lastly, expression of Lyve1 was 

predominantly expressed during the endothelial stage, which suggests the production of a 

definitive wave of hematopoiesis212. 

 

As cells transitioned to hematopoietic commitment, they began expressing key pre-HSPCs 

genes including Cdca7, Myb, Gfi1 and Spn (CD43) (Figure 3.7C). Expression of Cdca7 

was previously demonstrated to be isolated to pre-HSC populations found within AGM 

intra-aortic hematopoietic clusters213. Myb is critical in HSC maintenance and 

proliferation214, Gfi1 is critical in mediating the loss of an endothelial identity215, and Spn 

(CD43) is a known marker of early pre-HSCs207,216. Notably, expression of these genes was 
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primarily isolated to early progenitor clusters and decreased along the trajectory of 

maturation (Figure 3.8A), which is in agreement with other reports showing that their 

downregulation is necessary to allow for competent differentiation. 

 

Complementary to these supervised analyses, unsupervised analysis of the top 50 

differentially expressed genes showed that transitional cells retain the expression of genes 

involved in the downregulation of angiogenesis as they differentiate away from an 

endothelial fate (Figure 3.7D, Figure 3.8B). This coincided with the upregulation of genes 

critical in extracellular matrix (ECM) organization as these cells undergo a physical 

transition from an adherent to a suspension state. In agreement with these findings, others 

have demonstrated that the emergence of hematopoietic cells from HECs relies on the 

Runx1 mediated upregulation of genes involved in ECM organization, cell adhesion and 

cell migration217. Many of the same genes, including Runx1, were upregulated 

predominantly within the transitional cluster (Figure 3.7C, D). 
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Figure 3.7. Single cell transcriptomic mapping of murine fetal lung EHT. (A, B) SPRING plot 

trajectory of EHT clusters. (C) Heatmap of supervised gene expression analysis of endothelial, 

EHT and hematopoietic commitment markers. (D) Heatmap of unsupervised analysis of the top 50 

differentially expressed genes. Representative gene ontology analysis is highlighted here along 

with the associated genes enriched in these biological processes. 
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Figure 3.8. SPRING and DGE analysis of fetal lung scRNA-Seq. (A) SPRING plots showing 

the expression of key hematopoietic commitment markers. The dotted arrow represents the 

trajectory of maturation. (B) Extended list of Gene Ontology biological processes enrichment 

analysis. 
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Fetal Lung EHT is functionally reliant on canonical developmental pathways 

To functionally assess the dependence of fetal lung EHT on Notch signaling, the Notch 

inhibitor, Compound E, was applied to explant cultures. Application of Compound E led 

to a significant reduction in VECAD+/CD45+ pre-HSPCs (Figure 3.9B, C). This is in line 

with other reports demonstrating that in-vitro Notch inhibition and in-vivo transgenic 

knockout of Notch1 specifically blocks EHT, but the proliferation, differentiation, and 

maintenance of HSPCs is conserved210,218.  

 

In addition to the Notch family genes described previously, gene expression analysis 

demonstrated that fetal lung HECs exhibit the dynamic regulation of TGFβ/BMP pathways 

required for EHT. Similar to Notch, TGFβ/BMP pathways are important in the early 

patterning of HECs, but their subsequent inhibition is required for EHT211,219–221. 

Expression of key mediators of TGFβ/BMP signaling, including Smad1, Smad5, Acvrl1 

and Tgfbr2, peaked at the endothelial stage and was progressively downregulated 

throughout EHT (Figure 3.9A). Driving this downregulation was the concurrent 

upregulation of the TGFβ/BMP inhibitors Smad7, Bmper and Ltbp1. 

 

To assess the dependence of TGFβ signaling in fetal lung EHT, the TGFβ receptor 

inhibitor, SB431542, and recombinant TGFβ2 were applied to explant cultures. 

Application of recombinant TGFβ2 led to a significant reduction in VECAD+/CD45+ pre-

HSPCs (Figure 3.9B, C). In contrast, SB431542 did not significantly affect the production 

of VECAD+/CD45+ pre-HSPCs. However, SB431542 induced a significant increase in the 
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intensity of VECAD expression, while TGFβ2 caused a reduction (Figure 3.9D, E). While 

others have shown that SB431542 treatment can enhance the production of HSPCs211,222, 

these findings suggest that there is already sufficient inhibition from the upregulation of 

TGFβ/BMP inhibitors discussed previously. 
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Figure 3.9. Fetal Lung EHT is functionally reliant on canonical developmental pathways. (A) 

Violin plots of expression of TGFβ/BMP pathways genes. (B) Representative flow cytometry plots 

demonstrating the change in CD45+/VECAD+ progenitors post-treatment with the Notch inhibitor 

Compound E, the TGFβ inhibitor SB431542, and recombinant TGFβ2. (C) Counts of 

CD45+/VECAD+ progenitors post-treatment. (D) Average MFI of VECAD expression post-

treatment. (E) Representative histograms of VECAD expression post-treatment. Error bars 

represent standard deviation. *P < 0.01 compared to DMSO control. 

 

DISCUSSION 

Although not defined as a hematopoietic organ, the lung houses many resident blood cells 

that carry out both broad and tissue specific hematopoietic functions. Immune surveillance 

in the lung is carried out via unique resident immune cells, including dendritic cells, T-

cells, B-cells, alveolar macrophages, interstitial macrophages, innate lymphoid cells and 

natural killer cells66,76. Supporting these classical immune cells are lung-resident 

megakaryocytes, which have a unique immune phenotype in addition to carrying out 

platelet biogenesis223,224. Lastly, the murine lung has been demonstrated to house 

HSPCs55,83,192. Complementary to these prior findings, we have demonstrated here that the 

murine and human fetal lungs are a source of functional HECs capable of giving rise to 

HSPCs. This suggests that the developing lung may have a more direct role in 

hematopoiesis than previously thought. 

 

Although we have demonstrated the presence of fetal pulmonary HECs, the physiological 

significance of de-novo hematopoiesis occurring outside of the AGM and in the lung 

remains unclear. The potential need for the fetal lung to have an alternative source of blood 

may stem from the fact that most blood is shunted away from the fetal lung because 

oxygenation is provided via the mother. As a result, the developing murine lung only 
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receives about 16% of total circulating blood167. The de-novo generation of blood in the 

fetal lung may act as an additional in-situ source of essential blood products for 

organogenesis. This is an important consideration when accounting for the role of 

macrophages and platelets in both organogenesis and angiogenesis56,225–227. Notably, the 

origins of many lung resident blood cells are not fully understood, but to date, the origins 

of resident macrophages are the most well studied. 

 

Lung macrophages are derived from three distinct developmental waves originating from 

the yolk sac, fetal liver and BM78. Each wave persists into adulthood and occupies unique 

niches within the lung72. Recent work also suggests that such developmentally and 

phenotypically distinct subsets of macrophages may also extend to the heart, liver, kidney, 

and brain80. These findings demonstrate the complex diversity seen throughout 

hematopoietic development and how each phase individually makes significant 

physiological contributions. As such, the differentiation capacity of lung HECs requires 

further investigation to determine whether lung HECs contribute to the in-situ development 

of lung hematopoietic populations. 

 

While often discussed as the precursor to HSCs, HECs also give rise to other blood 

progenitors. A subset of placental HECs lineage traced by Hoxa13 preferentially form 

placental macrophages, termed Hofbauer cells, that remain solely in the placenta228. This 

finding also suggests that differentiation capacity and bias may already be predetermined 

at the HEC stage, which others have also proposed. THBS1 marks a subset of human 
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embryonic stem cell derived endothelial cells that are biased towards megakaryopoiesis28. 

Ly6a versus Tek expression marks HECs with HSC versus EMP potential, respectively229. 

CXCR4 expression differentiates AGM derived HECs with HSC versus MPP potential230.  

 

Others have described the presence of functional HSCs in E16 murine fetal lungs. 

However, LSK progenitors only make up on average about 0.02% of the total fetal lung 

cell isolate, compared to 0.75% in the adult BM83. This low number of HSPCs suggests 

that the role of fetal lung HECs may not contribute significantly to the progenitor cell pool 

and instead are skewed towards the immediate production of differentiated cell 

populations. 

 

While more in-vivo work is required to determine the developmental trajectory and 

potency of lung HECs, the contributions of hematopoiesis that are not reliant on long-term 

HSCs are important to consider. Indeed, the majority of embryonic hematopoiesis is 

maintained by a pool of yolk sac derived erythro-myeloid progenitors (EMPs) that reside 

in the fetal liver231,232. EMPs give rise to the majority of tissue resident macrophages that 

persist into adulthood233, and embryonic erythrocyte production is sustained primarily from 

EMPs234. In addition to EMPs, transient HSCs that do not persist into adulthood have also 

been demonstrated to be involved in the establishment of the developing hematopoietic 

system. Tie2-Cre lineage tracing studies suggest that fetal HSCs that contribute to 

establishment of the developing hematopoietic system differentiate rapidly, which is in 

stark contrast to adult long term HSCs that are relatively quiescent235. Studies utilizing the 
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Flk2-Cre tracer model (FlkSwitch) also demonstrate the existence of a transient population 

of HSCs with a lymphoid bias236,237. Although fulfilling the classic definition of an HSC 

based on their capacity for long-term multi-lineage reconstitution, these transient HSCs are 

only present from E10.5 until P14.  

 

Notably, the fetal lung HECs described here were isolated from E17 mice, which is outside 

of the window of EHT within the AGM (E9.5-11.5). Work from Yvernogeau et al. also 

suggests that EHT can occur beyond this AGM window within the perinatal bone 

marrow191. They noted that perinatal sources of hematopoiesis occur at a time when HSC 

expansion in the fetal liver has stopped (~E17) and the BM niche is still maturing in order 

to support the long-term residency of adult HSCs. Later stage EHT in the lung may thus 

aid in minimizing the need for long term HSC-dependent hematopoiesis during early 

development. 

 

Niche interactions are another critical component of driving EHT84,238. Induction of key 

developmental pathways via secreted ligands is spatially organized within the AGM and 

influence the potency of resultant progenitors198. Replicating these conditions is thus 

critical in simulating EHT in an in-vitro setting. Most other employed methods of ex-vivo 

HEC cultures are reliant on the utilization of a supportive feeder cell layer, such as OP9 

cells or immortalized AKT endothelial cells, to instruct EHT218,239. Notably, fetal lung 

explants undergo EHT without such feeders, which suggests that the lung independently 

has the cellular makeup to support EHT. However, further investigation is required to 
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determine the cell-specific interactions of the in-vivo microenvironment where EHT would 

occur and how the lung niche instructs local HEC development. 

 

Altogether, the findings described here demonstrate the existence of functionally validated 

HECs in the fetal lung, a population which is also conserved in humans. Given the diversity 

in HEC development and the significance of each distinct wave of hematopoiesis, the 

physiological influence of lung HEC development in-vivo needs further investigation. 

Expanding our overall understanding of HEC location and timing will also aid towards the 

goal of fully understanding the biological cues required for the development of functional 

HECs. Such findings can eventually be harnessed for the common goal of producing 

putative HSCs and functionally mature hematopoietic cells from pluripotent stem cells. 
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CHAPTER FOUR: SUMMARY AND FUTURE DIRECTIONS 

 

Summary 

We herein describe the characterization of the lung as a significant site of hematopoietic 

development. We first demonstrated the lung’s role in the functionalization of a distinct 

lung MK population with a uniquely immune phenotype. Notably, the development of the 

immune lung-MK phenotype arises during embryogenesis when the lung 

microenvironment is sterile. This suggests that the cellular milieu specific to the lung is 

priming the local hematopoietic population for the eventual post-natal exposure to foreign 

antigens, which we and others have shown further matures MKs to develop more antigen 

presentation capacity223. The stage of megakaryopoiesis at which the immune 

programming initially occurs is not known. However, others have demonstrated that HSCs 

are preferentially primed towards megakaryopoiesis, and this MK priming may even be 

predetermined at the hemogenic endothelial stage28,240. This provides an important context 

for understanding the potential significance of the herein described fetal lung HECs. We 

have demonstrated that the fetal lung is a source of HECs with the capacity to undergo 

EHT to produce HSPCs with multi-lineage differentiation capacity, including 

megakaryopoiesis. This suggests the possible existence of a lung HEC to lung MK axis 

wherein local HEC development is directed to produce lung specific MKs. However, the 

lineage capacity of lung HECs and thus their overall contributions to pulmonary and 

hematopoietic physiology remains to be determined. 
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Future Directions 

In our studies, explant cultures were the primary methodology employed to investigate 

lung HECs. This ex-vivo methodology removes these cells from their microenvironment, 

thus limiting our understanding of these cells in their native in-vivo context. Of note, we 

do not believe we have induced the direct conversion of endothelial cells as direct 

conversion involves the forced overexpression of select transcription factors to 

competently induce transdifferentiation185. However, this still leaves many questions about 

whether these cells under steady state conditions in-vivo will naturally undergo EHT and 

what their contributions are to hematopoietic development in the lung. 

 

Lineage tracing would be very useful in this regard, but current models designed to trace 

endothelial and hematopoietic progenitor populations have significant limitations. While 

many lineage tracing models have been developed to trace either endothelial cell or HSPC 

populations individually, all models exhibit a significant amount of recombination events 

across both populations, especially during embryonic development241. As such, application 

of these methods would still not sufficiently answer such questions when considering the 

rarity of HECs and the existence of circulating HSPCs, especially during the embryonic 

migration of HSPCs exiting the fetal liver242. 

 

Combinatorial tracer models could potentially alleviate some of these concerns. GATA2 is 

a transcription factor that is critical during EHT. However, transgenic knockout of GATA2 

does not impede the self-renewal and differentiation of HSCs243,244. Using a floxed GATA2 



81 
 

mouse crossed with an inducible VECAD-Cre-ERT2 mouse would allow for tamoxifen 

induced ablation of EHT post-AGM development. In theory, this would provide insight 

into how HEC populations outside of the AGM time window contribute to hematopoiesis. 

However, this model, as well as the majority of other Cre-based models, would still have 

the lingering issue of not being tissue specific. 

 

An inducible barcoding model could potentially be utilized to allow for the tracing of 

hematopoietic progeny back to a tissue specific progenitor cell245. However, others have 

previously noted that EHT is not the result of asymmetric cell division204. As such, a parent 

endothelial cell to trace the resultant hematopoietic progeny back to would not exist and 

negates the utility of such a method. Development of novel combinatorial technologies to 

trace organ specific cell populations will greatly support these endeavors.  

 

Organ specific tracing of lung MKs would also be an important avenue of investigation as 

the origin of platelet subsets is not known. Notably, subsets of platelets expressing more 

immune markers have been previously identified, and immune MKs have been described 

in both the lung and the BM110. However, of the 3 MK subsets found in the BM, immune 

MKs are the furthest away from the BM sinusoids and are unable to produce platelets ex-

vivo27. This suggests that BM immune MKs may not significantly contribute to overall 

platelet mass. In contrast, work from ourselves and others have demonstrated that lung 

MKs have a more uniform phenotype, and ex-vivo assays demonstrate their ability to 

produce platelets223. This suggests that the bulk of immune platelets may be derived from 
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lung MKs. The development of a lineage tracing model specific to lung MKs and/or the 

application of barcoding to lung MKs to trace what type(s) of platelets they produce would 

be essential in investigating the overall contributions of lung MKs to circulating platelet 

mass. 

 

Future Applications 

Understanding the developmental underpinnings of lung HECs and MKs has a wide range 

of potential applications. Emerging evidence suggests that in order to develop putative 

HECs imbued with the potential to produce engraftable HSCs requires a complete 

understanding of the patterning cues that precede the HEC stage185. This understanding is 

critical for applications involving the directed differentiation of pluripotent stem cells 

(PSCs) through critical developmental stages to produce in-vitro blood products. To this 

end, understanding how the lung mechanistically directs HEC development and EHT will 

further inform what developmental cues are necessary for this patterning to occur. 

 

Beyond progenitor staging, patterning of MKs with in-vitro PSC based methodologies also 

has significant roadblocks. MK differentiations are currently very inefficient in producing 

PSC-derived MKs246. Novel methods have been developed to overcome these barriers and 

continue to evolve with time. For example, the Eto Lab developed a method of expanding 

PSC derived MK progenitors through the use of immortalization to produce what they 

termed imMKCLs that can be passaged for months247. However, these MKs still lack the 

maturity and diversity observed across in-vivo MKs. The subsequent in-vitro development 
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of platelets from PSC derived MKs is also very limited. The most efficient method 

described to date involves a turbulent flow-based bioreactor developed by the Eto lab that 

can produce on average about 70-80 platelets per MK160. These two methods combined 

were a significant leap in efficiency, but still paled in comparison to the estimated 1,000 

platelets produced per MK in-vivo248. 

 

Knowledge of how the cellular and physical architecture of the lung supports 

thrombogenesis could be applied towards developing more efficient methods of in-vitro 

platelet biogenesis. For example, a recent preprint publication suggests that the transfusion 

of MKs through an ex-vivo lung’s vasculature may increase platelet yield to upwards of 

1,000 platelets per MK249. They further suggest that healthy lung endothelium is an 

important component to the lung’s capacity to efficiently support thrombopoiesis. As such, 

understanding the cell-cell mechanisms involved in the induction of lung thrombogenesis 

could be useful towards the further development of in-vitro based bioreactors. 

Understanding these cellular cues also has potential therapeutic applications. For example, 

local delivery of thrombopoiesis inducing small molecules to the lung via tools like a 

nebulizer could be a potential avenue for the rapid and minimally invasive treatment of 

thrombocytopenia. 

 

Conclusion 

Overall, findings from the studies described here expand on the important notion that 

hematopoietic development is a diverse, multifactorial process that involves many organs. 
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We describe newly defined roles for the lung in both adult and developmental 

hematopoiesis that suggests the lung may have a greater responsibility in blood 

development than was previously thought. Identifying ways to harness the hematopoietic 

potential of the lung will aid in the development of novel methods of in-vitro directed 

hematopoiesis that will significantly impact the future of cellular therapeutics. 
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