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1. Introduction 
1.1 Complex prenatal lung development program and respiratory disorders at 

birth 

Prenatal lung development is crucial for the survival of mammalian newborns. To 

establish respiration, embryonic lungs must be inflated immediately after birth. This is a 

profound change, considering lungs develop in a fluid environment until this dramatic 

transition at the moment of birth. Lung development requires a complex prenatal 

pulmonary maturation program which prepares the lungs for air inflation and gas 

exchange at birth. Human lung development as described in the literature starts at 4 weeks 

of gestation with the appearance of the tracheal outgrowth from the foregut and the 

development continues until early childhood. Five distinct stages have been previously 

defined which overlap: embryonic (in human 4-7 weeks), pseudoglandular (in human 5-

17 weeks), canalicular (in human 16-26 weeks), saccular (in human 24-38 weeks), and 

alveolar stage (in human 36 weeks-3 years) (Figure 1). In the embryonic stage the primary 

left and right lung buds appear and undergo branching to set up the overall lobular 

structure of the lung (1). At the end of the pseudoglandular stage the airway epithelial 

differentiation is occurring (2) and the complete structure of the human airway tree has 

been laid down (3). In this stage it has been reported that some fetal breathing movements 

(FBM) could appear at this time (10-11 weeks in human) as well (1, 4), it becomes regular 

and well-documented later in term. The epithelial differentiation and branching further 

continues in the canalicular stage. Furthermore, airways continue to increase in size and 

the most distal epithelial tubes widen and their surrounding mesenchyme thins. The first 

morphological signs of alveolar epithelial cell differentiation also appear at this time. In 

the saccular stage the branching morphogenesis end. Alveolar epithelial differentiation 

continues and importantly the surfactant system of the alveolar type 2 (AT2) cells 

matures. Surfactant production and lamellar bodies which are organelles specialized for 

the production and recycling of surfactant can be detected at this stage (1, 5) (Figure 2). 

The alveolar stage is characterized by the formation of the alveoli. The septa grow from 

the saccular walls to subdivide the distal saccules into alveoli. Therefore, the surface area 

for gas exchange is expanding (1). Meanwhile, microvascular maturation occurs and each 

capillary is completely surrounded by gas exchange surfaces (6). 
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Survival at birth is critical and much dependent on the adequate prenatal development 

and maturation of the lungs (1, 7-9). The leading causes of early neonatal morbidity are 

respiratory disorders, such as respiratory distress syndrome (RDS). The most described 

clinical symptoms of RDS are tachypnea, nasal flaring, irregular breathing, cyanosis, 

hypoxia etc. (10-14). It is a well-known data that there is a correlation between incidence 

and severity of RDS and the gestational weeks of the newborn. While the risk of RDS is 

very high (60%) in premature babies less than 28 weeks gestational age, than near-term 

infants, where this risk is 5% (15). The development of respiratory distress originates 

from the inefficiency of a neonate’s lung to adapt to the new environment – as mentioned 

before – the change fluid to air. The last weeks of gestation are critical in preparing the 

fetus for the first breath. Late preterm infants are born in the late saccular stage of lung 

development when the antioxidant system and the surfactant production are still 

immature. Incomplete intrauterine maturation of the lung structure may lead to delayed 

intrapulmonary fluid absorption, surfactant insufficiency, and inefficient gas exchange 

(16).  

Therapy of respiratory disorders, such as RDS mainly focuses on surfactant: the 

possible ways of surfactant substitution, stimulating and inducing surfactant production 

in preterm infants and newborns. Thus, large amounts of data are available about these 

therapies (17-20). Even though therapies targeting surfactant production and replacement 

vastly increased the survival of newborns with RDS, different aspects of lung 

development should be further studied to identify other possible therapeutic approaches. 

Studying lung development in any aspects is critical to better understand related diseases 

such as RDS and other respiratory disorders in neonates which can help find new ways 

in therapy as well. 
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Figure 1 Stages of lung development 

Five distinct stages of lung development: embryonic (in human 4-7 weeks), 
pseudoglandular (in human 5-17 weeks), canalicular (in human 16-26 weeks), saccular 
(in human 24-38 weeks), and alveolar stage (in human 36 weeks-3 years). Surfactant 
production starts at the saccular stage and it has a critical role in lung development. (1). 

1.2 The role of surfactant in lung development 

Lung surfactant has been described as a complex combination of components, which 

is produced by type II alveolar cells. It is stored in specialized structures called lamellar 

bodies, and exocytosed to the alveolar surface (21) (Figure 2). One crucial role of 

surfactant is to increase lung compliance by reducing surface tension in the lung (21-24). 

About 80% of the surfactant are phospholipids, which are synthesized in the endoplasmic 

reticulum (ER) of the type II alveolar cells and contains several classes, including: 

Phosphatidylcholine (75%), Phosphatidylglycerol (12%), Phosphatidylethanolamine 

(5%), Phosphatidylinositol (4%), Phosphatidylserine (2%), Sphingomyelin (1.5%), and 

Lysophospholipid (LPL) (<1%) (21, 25, 26). Surfactant also contains four proteins: 

surfactant protein A (SP-A), surfactant protein B (SP-B), surfactant protein C (SP-C), and 

surfactant protein D (SP-D), which are all produced by type II alveolar cells, however it 

has been reported that other airway cells, such as Club cells (CC10) and submucosal cells 
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synthetize these as well. The hydrophilic SP-A and SP-D participate in innate pulmonary 

immune defenses (21, 27) while the hydrophobic SP-B and SP-C interacts extensively 

with phospholipids of the surfactant and improves the lowering of the surface tension (21, 

28). The only surfactant protein which is essential for survival is SP-B, thus the complete 

deficiency of it in mice and humans is lethal by causing neonatal RDS (29, 30). 

Furthermore, SP-B is essential for the packaging of phospholipids into lamellar bodies, 

the formation of tubular myelin, the processing of SP-C precursors and the establishment 

of a surfactant film to reduce surface tension (21, 31) (Figure 2). Lung surfactant also 

contains small amounts of neutral lipids, including cholesterol and it’s esters, di-and 

triglycerides, and free fatty acids (26). However, the role of these neutral lipids in 

surfactant function has not been fully understood (21, 32, 33).  

As mentioned before, the most documented and crucial functions of surfactant are to 

increase lung compliance, reduce surface tension, thus it facilitates neonatal lung 

inflation, and reduces the work required for breathing. Moreover, it helps maintaining the 

gas exchange area of the lungs (22, 24, 25). Surfactant also creates a nonspecific barrier 

against microorganisms by reducing adhesion and invasion into the lung (21, 34). 

Surfactant is the main focus of therapies of respiratory disorders in preterm infants and 

newborns. Surfactant replacement was established as an effective and safe therapy for 

immaturity-related surfactant deficiency. It also improves pulmonary compliance, 

reduces RDS mortality and may lowers the risk of chronic lung disease (17-20). However, 

surfactant therapy also has limitations. Premature infants still require supportive care such 

as oxygen and mechanical ventilation which could cause long-term complications (35, 

36). Therefore, the need for other therapeutic methods and target mechanisms arise which 

could help in the therapy of respiratory disorders and also to improve our understanding 

of the preparation of the developing lung for inflation at birth. 
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Figure 2 Schematic representation of surfactant production  

Surfactant is synthesized in the endoplasmic reticulum (ER) of type II alveolar cells and 
stored in specialized structures called lamellar bodies (LB) then exocytosed. Figure was 
created based on (21). 
 

1.3 Lymphatic system 

The immaturity of the newborns lung structure is one of the main factors in the 

development of respiratory distress, where one pathogenic factor is the delayed 

intrapulmonary fluid absorption (16). One of the best-known function of the lymphatic 

system is the maintenance of the tissue homeostasis via interstitial fluid drainage. 

Therefore, it has been indicated that the lymphatic system might have a role in preparing 

the newborn lung for the first breath. 

The lymphatic vasculature starts as an open capillary network which beside 

maintaining tissue homeostasis is also essential in the defense against pathogens. 

Therefore, tissues such as the skin and mucous membranes, which are often exposed to 

foreign antigens, are especially rich in lymphatic vessels. In recent years it has become 

increasingly clear that the lymphatic system has organ-specific functions as well. It has 

been described that the lymphatics partake in the intestinal lipid absorption and are 

present in the central nervous system (37). It is well documented in animal models that 
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the lymphatic vessels begin draining interstitial fluid at the late gestational period in the 

lung (38) (Figure 3). 

The lymphatic system consists of lymphatic capillaries, collecting lymphatic vessels 

and lymph nodes. Lymphatic capillaries which have button-like junctions between 

lymphatic endothelial cells (LECs), uptake interstitial fluid and macromolecules. It drains 

into collecting lymphatic vessels, which are present in the bronchovascular bundles and 

interlobular septa in the lung. The collecting lymphatic vessels have tighter and 

continuous zipper-like junctions. In most organs they are covered with smooth muscle 

cells that provide lymph flow. In contrast, the collecting lymphatics in the lung lack this 

smooth muscle cell coverage (39, 40). The lymph then drains into the thoracic lymph 

nodes, and eventually into the thoracic duct, here the lymph is returned to the blood 

circulation.  

In the past it was a challenge to visualize lymphatic vessels, thus it has been historically 

ignored in research. Early anatomic studies mainly depended on intravascular injection 

of contrast agents. However, there was a revolution in the visualization of lymphatic 

endothelial cells (LECs) during the late 1990s when lymphatic-specific markers were 

identified (41). These markers were vascular endothelial growth factor receptor 

(VEGFR)-3 (42, 43), prospero homeobox 1 (PROX1) transcription factor (26), integral 

membrane glycoprotein podoplanin (PDPN) (44), and lymphatic vessel endothelial 

hyaluronan receptor 1 (LYVE1) (45). As a result, research of the lymphatic system gained 

immense scientific interest during the last decades. Moreover, new findings have 

discovered unexpected perspectives to research regarding the lymphatic vasculature (41). 

Vascular endothelial growth factor C (VEGFC) and its receptor, vascular endothelial 

growth factor receptor 3 (VEGFR3) which is coded by the fms related receptor tyrosine 

kinase 4 (Flt4) gene, are key molecules in lymphangiogenesis. Loss of function of 

VEGFC or VEGFR3 blocks lymphatic development in fish and mice (46, 47) and one of 

the underlying factors for human primary lymphedema syndromes (48, 49). A disintegrin 

and metalloproteinase with thrombospondin motifs-3 (ADAMTS3) protease and collagen 

and calcium binding EGF domains 1 (CCBE1) are involved in the catalysis of VEGFC 

processing (Figure 4) (50, 51). In vivo studies indicated that CCBE1 has a critical role in 

the processing of the active form of the lymphangiogenic factor VEGFC in mouse skin 

(51, 52). 
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Figure 3 Lymphatic vessels in the healthy lung 

Structure of the lymphatics in the lung (green, left). Arrows indicating the direction of 
lymph flow. Cross section of the lung (right) and the distribution of lymphatics in relation 
to other lung structures. Trivedi and Reed (43) 

 
Figure 4 Schematic view of VEGF-C activation based on Jha et al 2019 (51). 
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Proteolytic cleavage of pro-VEGF-C simultaneously activates and mobilizes VEGF-C. 
Jha et al. propose four different modes of VEGF-C activation: 1. Activation of VEGFR-
3-bound VEGF-C16; 2. Activation of Heparan Sulfate Proteoglycan (HSPG)-bound 
VEGF-C18; 3. Activation of VEGF-C in the soluble phase11; and 4. Activation of 
extracellular matrix (ECM)-bound VEGF-C. After proteolytic activation, VEGFR-3-
bound VEGF-C can immediately start signaling (activation mode #1), while HSPG-
bound VEGF-C18 first needs to translocate to VEGFR-3 (activation mode #2).The role 
of CCBE1 is twofold: It accelerates the proteolytic cleavage and localizes pro-VEGF-C 
to efficiently form the trimeric activation complex (51). 

1.4 Role of lymphatic function in preparation for the first breath 

Lungs develop in a fluid environment in utero, the removal of this fluid and the 

inflation of the lung immediately after birth are critical steps. The removal of fluid from 

the lung starts before birth (53, 54). An experiment with lambs and sheep in 1977 

concluded that pulmonary lymph flow was higher in newborn lambs than adult sheep. It 

was concluded that this difference was the result of a higher filtration pressure and an 

increased vascular surface area for fluid exchange in newborn lambs compared to adult 

sheep (55). However, a few years later the same research group reported that lung lymph 

flow and lymph protein flow were not significantly different in late gestation fetal lambs 

and newborn lambs (54). In conclusion, these early studies do not entirely explain the role 

of lymphatics in prenatal lung. However, prior study of our research group has reported 

that lymphatic function has a role in preparing the lung for inflation at birth which 

experiment will be described in detail later (38). 

Lymphatic endothelial transcription factor PROX1 (56), the lymphangiogenic factors 

VEGFC (46), CCBE1 (57), the lymphatic endothelial growth factor receptor VEGFR3 

(58, 59) among other factors are essential for lymphatic development, therefore their 

damage or loss results impaired development or even total absence of the lymphatics. It 

is also reported that all mice lacking lymphatics die shortly after birth (46, 56-59). 

However, the exact mechanism requires further research. To study this question in a 

previous study (38) our research group investigated newborn and late gestation CCBE1-

defficient mice (Ccbe1-/-). CCBE1-deficient newborns appeared severely cyanotic and 

died shortly after birth while control (Ccbe1 +/+, Ccbe1+/-) newborns appeared healthy, 

their skin was of pink color consistent with normal tissue oxygenation within 5–20 min 

and were viable. Of note, Ccbe1-/- newborns had normal diaphragms and exhibited 

gasping and costal retractions which show normal neuromuscular function and respiratory 

https://www.google.com/search?sca_esv=021f25b48a55cba3&hl=hu&cs=0&sxsrf=AE3TifNDggza09-hGpM-V6y2UR5V6Mza8w%3A1758108625001&q=extracellular+matrix+%28ECM%29&sa=X&ved=2ahUKEwj2oqGA2d-PAxUJ2QIHHWRcEEQQxccNegQIAhAB&mstk=AUtExfBNLGN5nb64D-HJJAaC6YmSsl2XC3kv6EMWTkfQ0mot4OBxGWkRLPI-b3GjAFHkKVcTIQ_zm-l6NJSPI8lH6mLs9XtZFwWHSaUtXVmH-BqacxJV6G-5etOZjdeSFETbIVb7Gs0RsvymvX3bRy6f16UuuiMVk29ybGe8sd2RpLcdadscVBhoLTThz2yLyDCEaCJd1DmmvzDukPWpW_JfhZXaieOFFImBLFnh_T2Uk_3uENWq_OmAH-LzeHVg9uBEsdghc4QlLPgi2BqxroJYxgph&csui=3
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drive. This shows that CCBE1-deficient mice lacking lymphatics exhibit respiratory 

failure and die immediately after birth. Moreover, kinase-dead VEGFR3 (Vegfr3kd/kd) 

newborn mice, which also lack lymphatics, show the same phenotype, but not wild-type 

or Vegfr3kd/+ neonates (they were viable, pink colored). However, these findings do not 

explain the lymphatics-dependent molecular and cellular mechanisms involved in late 

gestational lung development. Lungs of newborn cyanotic Ccbe1-/- and Vegfr3kd/kd mice 

sank when placed in saline while non-cyanotic Ccbe1-/- and Vegfr3kd/kd lungs floated. This 

suggests that mice lacking lymphatic function are unable to inflate their lungs after birth. 

These studies also described that the failure of lung inflation is not due to surfactant 

deficiency. Importantly, measurement of the total lung compliance of E18.5 Ccbe1-/- and 

Vegfr3kd/kd lungs revealed significant decrease in compliance compared to control 

littermates. All in all, these experiments revealed that lymphatic function increases lung 

compliance before birth, and contributes to the successful inflation of the lung and also 

changes lung mechanics to prepare for inflation at birth (38). 

In addition to all known data there are still many questions related to lung 

development, especially preparation for the first breath. However, these findings raise the 

possibility of other mechanisms participating in preparing the developing lung for 

inflation at birth. Fetal breathing movements (FBMs), which we know little of, is a 

mechanism that may be involved in this process. 

1.5 Fetal breathing movements (FBM) 

During in utero development fetuses perform breathing like movements in multiple 

species, including humans and mice, (60). These are the so-called fetal breathing 

movements (FBMs), which are contractions of the respiratory muscles with differing 

amplitude and frequency. FBMs begin in humans from approximately 10-11 weeks of 

gestation (4, 61). Breathing movements slowly increase with the gestational age (4, 62, 

63), and become regular in the second and third trimester. These are also more frequent 

as term ends. However, the percentage of time spent breathing can vary widely (64). Little 

is known about the physiological role of FBMs that are available in literature. It is known 

that FBMs are responsible for spontaneously decreasing intrathoracic pressure and 

expanding the fetal lung during intrauterine life. It has been reported that FBMs are a 

marker of the maturation of the central nervous system which is involved in controlling 
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respiratory muscles (61, 64-67). In general, fetal breathing supports lung development, 

strengthens respiratory muscles, and is claimed to fine-tune the neural circuitry that drives 

breathing. (60, 68-70). However, currently the exact role of the fetal breathing movements 

is still not fully known. 

1.6 Prior experimental approaches to study FBMs have great limitations 

The first hypothesis was that blocking or the lack of fetal breathing movements or 

prolonged leakage of amniotic fluid causes pulmonary hypoplasia, which often cause high 

morbidity and mortality (71-75). In early studies, the deficiency or absence of FBMs has 

been reported to possibly be in connection with decreased proliferation and increased 

apoptosis of pulmonary cells in the hypoplastic lungs (71, 72, 75). 

Early studies of FBMs were surgical approaches where the spinal cord or phrenic nerve 

were disrupted in animal models, although these heroic surgical interventions had 

influenced a number of other physiological processes in addition to the FBMs (76, 77). 

Ferwell and colleagues reported that the phrenic nerve section eliminated fetal breathing 

movements and resulted in decreased airway fluid volume, lung weight, and total lung 

deoxyribonucleic acid (DNA) (77) in lambs. However, the research group of Bamford 

did a similar experiment where they concluded that both the phrenic nerve denervated 

and sham operated groups had smaller lungs with lower water content (76). Thus, these 

surgical experiments lead to conflicting results and had serious limitations as these 

interventions influenced a number of physiological processes that interfered with the 

study of the role of FBMs.  

Another method to study FBMs is the drainage of the amniotic fluid where not only 

FBMs but also the volume and function of the organs are affected (78-80). In the study 

of Alcorn et al. (78) chronic drainage of intrauterine lung fluid led to reduced lung weight 

and it was concluded that this intervention inhibited fetal lung growth. In another study 

in one lamb one lobe was drained and the other lobe was ligated leading to fluid retention. 

The drained side showed hypoplasia while the ligated one exhibited hyperplasia (80). In 

conclusion, in these experiments not only the FBMs but also the volume and function of 

the organs were affected which presents limitations to conclude that these findings are 

solely due to the disruption of FBMs. 
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Embryos paralyzed from the early embryonic period have severe defects of the skeletal 

development represented in their smaller size and reduced growth (71, 72, 75). Tseng et 

al. (75) used myogenin null mouse embryos, which lacked normal skeletal muscle fibers 

thus skeletal muscle movements in utero. They found that the total lung DNA of these 

embryos has decreased as well as the body weight ratio (75). In the studies of Inanlau and 

Kablar myogenic factor 5 deficient (Myf5-/-) mice embryos and Myf5-/-:MyoD-/- (myoblast 

determination protein 1) double knock out mouse embryos were used (71, 72). Myogenic 

factor 5 (Myf5) protein (which coded by Myf5 gene) has a major role in regulating muscle 

differentiation or myogenesis, specifically the development of the skeletal muscle. (81, 

82). Myf5-/- embryos lacked the rib cage and functional intercostal musculature therefore 

the lack of fetal breathing movements was present and these embryos suffered from 

pulmonary hypoplasia due to the reduced number of proliferating lung cells and due to 

the increased number of terminal deoxynucleotidyl transferase. Data showed the absence 

of pulmonary expansion and lung development was stopped in the canalicular stage in 

these embryos (71). MyoD is a transcription factor and it has a key role in regulating 

muscle differentiation (83). The Myf5-/-:MyoD-/- double knock out mouse embryos had no 

skeletal muscles including main respiratory muscles (82) and had even more severe 

phenotype characterized by elevated lung apoptotic index. Furthermore, the development 

and differentiation of type I and type II pneumocytes was damaged as well in these 

embryos (72), which presents as being a crucial limitation of these experiments. In 

summary, these experiments studied the role of FBMs in mouse embryos with extreme 

impairment of the skeletomuscular system from an early embryonic stage, and the 

findings on lung development are limited and not fully conclusive on the FBMs as the 

immense systemic developmental impairments could also influence respiratory 

development.  

In conclusion, all these prior experimental approaches have major limitations. 

Therefore, there is a great need to develop new methods to better understand the role of 

FBMs in preparation for the first breath. 

1.7 Clp1K/K mouse strain as a model  

Josef M. Penninger and his research group described the kinase-dead cleavage factor 

polyribonucleotide kinase subunit 1 (Clp1K/K) mouse model (84). Cleavage factor 

https://en.wikipedia.org/wiki/Myogenesis
https://en.wikipedia.org/wiki/Myogenesis
https://en.wikipedia.org/wiki/Myogenesis
https://en.wikipedia.org/wiki/Myogenesis
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polyribonucleotide kinase subunit 1 (CLP1) proteins are kinases and participate in 

multiple ribonucleic acid (RNA) pathways. Furthermore, as CLP1 associates with the 

transfer ribonucleic acid (tRNA) splicing endonuclease (transfer ribonucleic acid splicing 

endonuclease (TSEN)) complex, they have a role in the splicing tRNA precursors (85). 

Loss of CLP1 kinase activity results in the accumulation of RNA fragments, aberrant 

processing of pre-transfer RNAs and induce p53-dependent cell death (84). Late gestation 

Clp1K/K mice show a progressive loss of spinal motor neurons associated with axonal 

degeneration and denervation of neuromuscular junctions, resulting in impaired motor 

function, muscle weakness, paralysis and fatal respiratory failure (84). It is shown that all 

newborn Clp1K/K mice and E18.5 embryos exhibited a lordotic body posture and dropping 

forelimbs, indicative of impaired motor functions (84). Importantly, the reexpression of 

wild type (WT) CLP1 rescues the motor neuron loss and genetic inactivation of p53 

rescues Clp1K/K mice from the motor neuron loss (84). The Clp1K/K newborns (on the 

c57Bl/6 genetic background) die shortly after birth caused by fatal respiratory failure. 

These findings raise the question whether lung development is affected in this mouse 

model. Therefore, they investigated lung development and morphogenesis which 

appeared to be normal according to Caveolin 1, Surfactant protein A and Surfactant 

protein C expression (84).  

Overall, kinase-dead Clp1 mice represent an ideal genetic model for investigating the 

role of FBMs, given that skeletomuscular development remains unaffected and 

respiratory muscle denervation occurs only during late gestation. 

1.8 Investigation of lymphatics in the skin  

As new studies are presented, it has become gradually clear that lymphatic vessels, 

present in different organ-specific environments, have organ specific functions as well as 

classical functions. So, to further characterize the organ specific roles of lymphatic 

function, next to the lung, as a second big topic, the lymphatic growth of the skin was in 

our interest.  

Skin is especially rich in lymphatic vessels and capillaries which play a key role in 

maintaining tissue fluid balance. In skin, superficial lymphatic capillaries expand into the 

dermal papilla where they collect interstitial fluid and drain into the collecting lymphatic 

vessels (86). Here the lymphatic vessels are comprised of lined together endothelial cells. 
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These endothelial cells interact with each other through adhesion junctions (VE-

cadherin/β-catenin complex) and tight junctions, and with the extracellular matrix 

through integrins (87, 88). The lymphatic vessels anchor to the extracellular matrix and 

lack a continuous basement membrane. Overlapping flaps of endothelial cells of 

lymphatic capillaries lack junctions at the tip but are anchored on the sides by 

discontinuous button-like junctions (39).  

The dysfunction of the lymphatic system contributes to the pathogenesis of various 

diseases and defects which can lead to lymph accumulation in tissues. When abnormal 

accumulation of interstitial fluid happens caused by impaired lymphatic drainage it is 

defined as lymphedema. Primary and secondary lymphedemas can be distinguished by 

pathogenesis. Primary lymphedemas are inherited diseases and are the result of defects in 

genes of lymphatic vessel development. Secondary lymphedema is caused by the damage 

of lymphatic vessels most commonly due to surgery, infections or radiation therapy (41, 

89). Due to the accumulation of extracellular fluid, swelling is present at affected areas, 

and lymphedema may result in recurrent local bacterial and fungal infections and can lead 

to fibrosis (89, 90) which all results in decreased function of affected organs, tissues and 

therefore degrades quality of life. Currently used therapeutic approaches are comprised 

of manual lymph drainage or compression therapy, however these have great limitations, 

their effectiveness is poor and only provide symptomatic relief (91). All considered, there 

is an immense need for new therapeutic methods to provide more effective treatment to 

reduce symptoms or cure this disease. 

Another aspect is that during aging of the skin, the number of lymphatic vessels 

decreases, and their function reduces, which is related to the decreased adhesion junctions 

between lymphatic endothelial cells, especially VE-cadherin. VEGFC/VEGFR-3 

signaling pathway plays an important role in the remodeling and expansion of lymphatic 

vessels; downregulation of this pathway contributes to the dysfunction of the lymphatic 

system (86). 

However, there are still open questions, and better understanding of the function of 

lymphatics in the skin is needed to improve treatment of related diseases. As written 

earlier, Vascular Endothelial Growth Factor C (VEGFC) is the most important 

lymphangiogenic factor, which induces VEGFR3-dependent lymphatic growth (46, 92, 

93). Recently one of the most promising novel therapeutic platform developed is the 
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nucleoside-modified messenger ribonucleic acid (mRNA) encapsulated in lipid 

nanoparticles (LNPs) (94) which has established safety and efficacy for a vast range of 

applications in numerous preclinical models (95-98). This new platform has numerous 

advantages. RNA molecules do not integrate into the host genome which is an important 

advantage for future therapeutic purposes as well. Moreover, there is no anti-vector 

immunity after repeated administrations in the host. The protein production of modified 

mRNA is highly controllable. Furthermore, the manufacturing is rapid, scalable, and 

sequence-independent which does not require complex and expensive infrastructure (96). 

Searching for new tools in the therapy of lymphedema we hypothesized whether the 

mRNA-LNP platform with VEGFC encoding mRNAs could be an effective tool to induce 

the growth of lymphatics in the skin. 
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2. Objectives 
Our goals were to define and to characterize the role of FBMs in the neonatal lungs 

and develop a new approach to study the role of lymphatic in adult skin. 

I. In the neonatal lung in addition to surfactant and lymphatic function we aimed to 

investigate other mechanisms which may play role in preparation of the developing lung 

for inflation at birth. Since the physiological importance of fetal breathing movements 

(FBMs) is not clear, our aim was to define the physiological role of FBMs in preparation 

for air inflation of the prenatal lung at birth. For that we used the Clp1K/K mouse strain 

as a genetic model which has denervation of skeletal muscles during late gestation. Here 

we determined the following aims: 

1. Our aim was to characterize the phenotype of Clp1K/K mouse strain. 

2. Next, we aimed to describe lung development in Clp1K/K embryos compared to 

control. 

3. We also wanted to characterize the lymphatic function in late gestation embryos 

lacking FBMs. 

II. Identificating organ-specific function of lymphatics, next to the neonatal lung, our 

goal was to investigate lymphatic growth in the skin. We aimed to develop a system to 

induce organ-specific lymphatic growth in the skin. Since VEGFC is one of the most 

important growth factor of lymphatics and mRNA-LNP platform is a potent new 

therapeutic tool for protein production, our aim was to investigate and characterize 

whether nucleoside-modified VEGFC mRNA-LNPs could effectively induce the 

growth of new lymphatic vessels in the skin of adult mice. New findings would improve 

our knowledge and therapy of lymphedemas, for which at this moment only 

symptomatic treatments are available. Investigations of lymphatic growth in the skin 

with nucleoside-modified VEGFC mRNA-LNPs presented in this thesis are part of 

another series of experiments. This aligns with the current thesis by investigating the 

organ-specific functions of lymphatics, studies in which I participated. 
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3. Methods 
3.1 Animals 

Mice carrying the kinase-dead Clp1 allele (Clp1K) (84) were maintained on c57Bl/6 

genetic background. Embryos and newborns of heterozygous matings were genotyped by 

allele-specific polymerase chain reaction (PCR) using 5’-TTG GTT CAG GTA TTA 

AGT CGT TGG-3’forward and 5’ GAA TTG CAT AGT CTT TCC TCC ATC-3’ reverse 

primers. Flt4YFP (Flt4 promoter-driven expression of yellow fluorescent protein) mice 

(99) were crossed to Clp1K/+ animals and maintained in heterozygous form on the c57Bl/6 

background. Offsprings were genotyped by allele-specific PCR primer sets including 5’ 

GGA TCA CTC TCG GCA TGG AC-3’ forward and 5’-GGG CGT CCT CAT ACC 

TAG GT-3’ reverse primers (I). 

To investigate lymphatic vessels in the skin, 6–12-week-old Prox1GFP(prox1 promoter-

driven expression of green fluorescent protein)) lymphatic reporter animals obtained from 

the Mutant Mouse Regional Resource Centers were maintained in heterozygous form and 

genotyped by a transgene-specific PCR using 5′ - GAT GTG CCA TAA ATC CCA 

GAG CCT AT – 3′forward and 5′ – GGT CGG GGT AGC GGC TGA A – 3′ reverse 

primers (100) (II). 

Experimental animals were housed in either conventional or specific pathogen free 

animal facilities. All animal experiments were approved by the Animal Experimentation 

Review Board of Semmelweis University and Government Office for Pest County 

(Hungary). Licenses of the experiments are PEI/001/404-8/2015, PE/EA/148-4/2018 

PE/EA/1654-7/2018. 

3.2 Timed Matings and Handling of Late Gestation Embryos and Newborns 

Clp1K/+ heterozygous animals were used to set up overnight timed matings. To 

examine prenatal lung development and morphology before air exposure and extra-

uterine respiratory changes, the embryos were sacrificed in utero by immersing the gravid 

uterus into ice-cold phosphate-buffered saline (PBS) for 40 minutes before harvesting the 

embryos from the uterus under fluid as described before (38) (I). 

Embryos were collected at E14.5, E15.5, E16.5, E17.5, E18.5 and E19.5. Cesarean 

sections were performed at E19.5 followed by rapid removal of the embryos from the 
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uterus and their manual stimulation. Naturally born and cesarean section newborns were 

monitored for 2 hours after birth and scored after 20-30 minutes. Thereafter, tail samples 

were collected for genotyping, and tissues were harvested from the embryos and 

newborns. The whole chest, isolated lungs, gut and skin were used for histology, weight 

and DNA content measurements (I). 

3.3 Histological Processes and Immunohistochemistry for Neonatal Lung 

Experiments 

Embryonic and newborn tissues were fixed in 4% paraformaldehyde (Sigma-Aldrich) 

overnight on 4°C, dehydrated in 50, 70, 95 and 100% ethanol, then embedded in paraffin 

using a Leica EG1150H embedding station. Seven micrometer-thick sections were 

generated using an HM340E Thermo Scientific microtome and processed for 

hematoxylin-eosin (HE) (Leica), periodic acid-Schiff (PAS) (Sigma-Aldrich), trichrome 

(Sigma-Aldrich) and immunohistochemistry staining. The following primary antibodies 

were used for immunostaining: anti-LYVE1 (R&D Systems, AF2125), anti-PROX1 

(Angiobio, 11-002P), anti-VEGFR3 (R&D, AF743) anti-CC10 (Santa Cruz 

Biotechnology, Inc., sc-9772), anti-SP-C (Merck, AB3786), anti- alpha smooth muscle 

actin (anti-α-SMA) (Abcam, ab124964), anti-Desmin (Dako, M0760), anti-PDPN (R&D 

Systems, AF3244), anti-platelet-derived growth factor receptor alpha (anti-PDGFRa) 

(Cell Signaling Technology, 3164), anti-platelet-derived growth factor receptor beta 

(anti-PDGFRb) (Cell Signaling Technology, 3169), anti-Vimentin (Cell Signaling 

Technology, 5741), anti-platelet and endothelial cell adhesion molecule 1 (anti-

PECAM1) (R&D Systems, MAB3628), and anti-neuron-glial antigen 2 (anti-NG2) 

(EMD Millipore, AB5320). As secondary antibodies Alexa Fluor 488 and 568 conjugated 

anti-goat or anti-rabbit antibodies (Life Technologies) were used. As a nucleus staining 

4′,6-diamidino-2-phenylindole (DAPI) containing mounting medium (Vector 

Laboratories) was used. Microscopic images were taken by a Nikon ECLIPSE Ni-U 

microscope connected to a Nikon DS-Ri2 camera. Alveolar area (averaging 8–10 fields 

of view per embryo) and septal thickness (averaging 80–100 measurements per embryo), 

lymphatic vessel area (average of all visible pulmonary lymphatic vessels per embryo per 

section and normalized for the mean area of the littermate controls) measurements were 

performed in NIS-Elements Imaging Software (Nikon) using a 40x dry objective (40x 
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images). Different structures and cell types of immunofluorescent images were quantified 

using Fiji software (101) (I). 

3.4 DNA Content Measurements 

For total DNA content measurements DNA was isolated from whole lungs of Clp1K/K 

and littermate control E18.5 embryos using DNeasy blood and tissue isolation kit 

(Qiagen). DNA concentration of the whole lungs was measured by NanoDrop OneC 

Microvolume UV–Vis Spectrophotometer (Thermo Scientific) (I). 

3.5 Monitoring Pulmonary Lymphatic Function in vivo 

To monitor lymphatic function, mice carrying the kinase-dead Clp1 allele were crossed 

to Flt4YFP mice. Clp1K/+ females and Clp1K/+ males were time mated. Pregnant Clp1K/+ 

females were anesthetized. 0.5 µl of 70 kDa rhodamie-dextrane (RhD) (Life 

Technologies) at 10 mg/ml concentration was injected through the uterus and chest wall 

into the lung of E18.5 Clp1K/K and littermate control embryos on Flt4YFP lymphatic 

reporter background as described before (38, 102). Selective uptake and transport of large 

molecular weight RhD in fluorescent reporter positive lymphatic vessels were monitored 

60 minutes after the injection by a fluorescent Nikon SMZ25 stereomicroscope equipped 

with Nikon DS-Ri2 camera. To quantify the transport of fluorescently labeled 

macromolecules, the intensity of the RhD signal was measured in NIS-Elements Imaging 

Software (Nikon) in reporter positive lymphatic vessels (the background intensity was 

subtracted). Then the tissue samples were collected for genotyping (I). 

3.6 Design, production of VEGFC mRNAs and LNP formulation of Poly(C) and 

VEGFC mRNAs  

Norbert Pardi from University of Pennsylvania, Perelman School of Medicine, 

Philadelphia, PA, USA designed and produced the nucleoside-modified mRNAs. Barbara 

L. Mui, Ying K. Tam, Thomas D. Madden and Michael J. Hope from Acuitas 

Therapeutics, Vancouver, BC, Canada developed and prepared the lipid nanoparticles. 

mRNAs were produced by using T7 RNA polymerase (Megascript, Ambion) on 

linearized plasmids encoding codon-optimized mouse VEGFC (pTEV-muVEGFC-

A101). mRNAs were transcribed to contain 101 nucleotide-long poly(A) tails. One-
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methylpseudouridine (m1Ψ)-5′-triphosphate (TriLink) instead of uridine-5′-triphosphate 

(UTP) was used to generate modified nucleoside-containing mRNA. RNAs were capped 

using the m7G capping kit with 2′-O-methyltransferase (ScriptCap, CellScript) to obtain 

cap1. Poly(C) (Sigma-Aldrich) and murine VEGFC-encoding mRNAs were encapsulated 

in LNPs using a self-assembly process in which an aqueous solution of mRNA at pH =4.0 

is rapidly mixed with a solution of lipids dissolved in ethanol (II). 

3.7 Monitoring in vivo lymphatic growth in the skin of adult mice  

6–12-week-old Prox1GFP lymphatic reporter mice were intradermally injected with 1 

μg of Poly(C) (Control) or VEGFC mRNA-LNPs into the back skin. In parallel 

experiments contralateral injections were performed into the right and left sides of the 

same animal in these experiments. After 22 days the animals were sacrificed, and tissues 

were harvested. Lymphatic growth in lymphatic reporter animals was visualized by 

fluorescent stereo microscopy using a Nikon SMZ25 microscope connected to a Nikon 

DS-Ri2 camera. For paraffin-based histology the back skin was fixed in 4% 

paraformaldehyde (Sigma-Aldrich) overnight on 4°C, dehydrated in 50, 70, 95 and 100% 

ethanol, then embedded in paraffin using a Leica EG1150H embedding station. Seven 

micrometer-thick sections were generated using a HM340E Thermo Scientific microtome 

processed for immunohistochemistry staining. Anti-LYVE1 (R&D Systems, AF2125) 

primary antibody and Alexa Fluor 568 conjugated anti-goat secondary antibody (Life 

Technologies) were used for immunostaining. As a nucleus staining DAPI containing 

mounting medium (Vector Laboratories) was used. Microscopic images were taken by a 

Nikon ECLIPSE Ni-U microscope connected to a Nikon DS-Ri2 camera (II). 

3.8 Presentation of Data and Statistical Analysis 

Experiments were performed the indicated number of times. Macroscopic pictures and 

microscopic images are representative of three or more independent experiments. For all 

experiments, investigators were blinded by the origin of embryos and newborns until the 

end of the analysis. NIS-Elements Imaging (Nikon), Fiji Software (NIH), and Adobe 

Photoshop were used for image processing and analysis. Results are shown as mean and 

SEM. For statistical analysis GraphPad Prism 7.0 and Microsoft Office Excel software 

programs were used. Specific statistical tests are presented in the figure legend for each 
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experiment. P-values <0.05 were considered statistically significant. Figures 1-3 were 

created on BioRender.com. 
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4. Results 
4.1 Clp1K/K Embryos and Newborns Exhibit Impaired Skeletal Muscle Function 

Including FBMs  

To characterize the phenotype of Clp1K/K embryos and newborns we set up timed 

matings. As expected, and others shown before (84) after birth mice carrying two kinase 

dead CLP1 alleles (Clp1K/K) exhibited impaired respiration and motility, or a complete 

lack of breathing and movement. Clp1K/K newborns were cyanotic and presented signs of 

acute respiratory failure and died shortly after birth. While control Clp1+/+ mice showed 

normal breathing, movement and color (Figure 4A). The weight and size of Clp1K/K and 

Clp1+/+ control mice showed no difference (Figure 4A, B). HE stained lung sections of 

Clp1K/K newborns show reduced alveolar area and thickened alveolar wall compared to 

the Clp1+/+ littermate controls (**P = 0.0090 for alveolar area and **P = 0.0030 for septal 

thickness) (Figure 4C–E). 
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Figure 4 Clp1K/K mice with impaired skeletal muscle activity develop respiratory failure 
and die after birth (I). 

A) Appearance of newborn Clp1+/+ and Clp1K/K littermates on a c57Bl/6 genetic 
background. Representative images are shown of 15-19 embryos from 6 litters. B) Total 
weight of control (Clp1+/+ or Clp1K/+) and Clp1K/K newborns. Quantitative data are shown 
as mean and SEM of 3-8 embryos from 1 litter (P=0.187 (two-tailed t-test)). C) 
Representative images of lung morphology shown by HE staining of newborn Clp1+/+ 
and Clp1K/K littermates on the c57Bl/6 background 60 min after birth. Representative 
images are shown of 5 newborns of each group. Bars, 50µm. D-E) Quantitative data for 
alveolar area and alveolar septal thickness are represented in newborn lungs of Clp1+/+ 
and Clp1K/K littermates on a c57Bl/6 genetic background (mean and SEM, n=5 per group, 
**P<0.01 (two-tailed t-test)). 
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4.2 Late Gestation Clp1K/K Embryos Do Not Show Altered Expression of Molecular 

and Cellular Markers of Lung Development 

Next, we characterized the expression of molecular markers of late lung development 

in Clp1K/K and Clp1+/+ mice on the c57Bl/6 genetic background before birth. Their 

expression levels were normal; these included CC10 (Club cell 10), alveolar type II cells 

(SP-C-surfactant protein c), type I cells (PDPN-podoplanin), mesenchyme (platelet-

derived growth factor receptor alpha (PDGFRα), Vimentin, Desmin), vascular smooth 

muscle cells and pericytes (platelet-derived growth factor receptor beta (PDGFRβ), NG2, 

and α-SMA), lung endothelial cells (PECAM1) (Figure 5). Pulmonary LECs stained with 

markers, VEGFR3, PROX1, and LYVE1 showed normal expression levels with no major 

difference in the number of cells or vascular structures in Clp1K/K compared to control 

Clp1+/+ mice shown by representative images (Figure 5). However, the only difference 

we observed was the dilation of lymphatic vessels in Clp1K/K late gestation embryos 

compared to the controls (Clp1+/+) shown by LYVE1, PROX1, and VEGFR3 lymphatic 

markers (Figure 5). 
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Figure 5 No difference in molecular and cellular lung development in late gestation 
Clp1K/K embryos compare to controls (I). 

Immunostaining for CC10, SP-C, PDPN, PDGFRα, PDGFRβ, NG2, α-SMA, Desmin, 
Vimentin, PECAM1, VEGFR3, LYVE1, PROX1 and DAPI nuclear staining are shown 
in late gestation lungs of Clp1+/+ and Clp1K/K embryos at E18.5. Representative images 
are shown of 3-5 independent experiments per group. Bars, 50µm. 
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4.3 Late Gestation Lung of Clp1K/K Embryos Show Thickened Alveolar Septum and 

Reduced Alveolar Area Before Air Inflation 

We characterized the lungs of Clp1K/K and Clp1+/+ embryos in each embryonic day 

from E14.5 to birth by HE stained sections to study the possible impact of FBMs on the 

structure of the developing lungs. It revealed no detectable changes before E16.5 in 

Clp1K/K embryos in the examined parameters. However, at E17.5 we observed thickened 

alveolar septum and reduced alveolar area in Clp1K/K embryos compared to control 

Clp1+/+ embryos. These changes were detectable at E18.5 and E19.5 as well (*P = 0.0165 

for alveolar area and **P = 0.0018 for septal thickness at E17.5 and *P = 0.0103 for 

alveolar area and *P = 0.0348 for septal thickness at E18.5) (Figure 6A–C). To further 

confirm normal lung development, we performed PAS and trichrome staining (Figure 6F, 

G). Trichrome staining would reveal fibrosis but that was not the case. We could not 

detect any difference between Clp1K/K and control late gestation lungs (Figure 6F). PAS 

staining revealed normal levels of glycogen in the alveolar cells of Clp1K/K embryonic 

lungs at E18.5 (Figure 6G). DNA content and dry weight of Clp1K/K embryonic lungs 

were also normal at E18.5 (P = 0.1753 for DNA content and P = 0.1452 for dry weight) 

(Figure 6D, E). These findings are consistent with our molecular results supporting 

normal growth and maturation of lung cell types. 
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Figure 6 Thicker alveolar septum and reduced alveolar area in Clp1K/K mice with 
impaired FBMs before air inflation of the lung (I). 
A) Morphology of embryonic lungs shown by HE histology of Clp1+/+ and Clp1K/K 
embryos before air inflation in utero at E14.5, E15.5, 16.5, E17.5, E18.5 and E19.5 on 
the c57Bl/6 genetic background. Representative images are shown of 2-4 embryos per 
group from 1-2 litters. Bars, 50µm. B-C) Quantitative data for alveolar area and alveolar 
septal thickness of Clp1+/+ and Clp1K/K embryonic lungs (E17.5 and E18.5) on the 
c57Bl/6 genetic background. Quantitative data are represented as mean and SEM from 4-
5 embryos in each group (*P<0.05,**P<0.01, (two-tailed t-test)). D) Total DNA content 
of the lungs shown as DNA concentration in late gestation control (Clp1+/+, Clp1K/+) and 
Clp1K/K embryos at E18.5. Quantitative data are shown as mean and SEM from 5-6 
embryos in each group (P=0.1752748, (two-tailed t-test)). E) Dry weights of late 
gestation lungs of control (Clp1+/+, Clp1K/+) and Clp1K/K embryos at E18.5. Quantitative 
data are shown as mean and SEM from 5-17 embryos in each group (P= 0,14519 (two-
tailed t-test)). F-G) Trichrome staining (F) and Periodic acid-Schiff (PAS) staining (G) 
for levels of the surfactant precursor glycogen and fibrotic proteins in the lungs of Clp1+/+ 
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and Clp1K/K embryos at E18.5. Representative images are shown of 3 embryos examined 
in each group. Bars, 50 μm. 
 
4.4 The Pulmonary Lymphatic Vessels Are Markedly Dilated in Late Gestation 

Clp1K/K Embryos Before Air Inflation 

To describe pulmonary lymphatic growth in Clp1K/K embryos we investigated embryos 

at different time points from E14.5 to E19.5 and performed immunohistochemistry with 

lymphatic markers. It revealed that lymphatic vessels appeared at E14.5 and developed 

normally in the Clp1K/K embryos as well as control Clp1+/+ embryos (Figure 7A). 

Importantly at late gestation, at E17.5, E18.5, E19.5 lymphatic vessels appeared to be 

dilated in the Clp1K/K mice compared to the Clp1+/+ mice (Figure 7A, B). However, in 

other organs such as small intestine and skin, the structure of lymphatic vessels showed 

no difference at E17.5, E18.5, E19.5 in the Clp1K/K compared to the Clp1+/+ control 

embryos (Figure 7C). 

To summarize, lymphatic vessels develop normally in Clp1K/K mice and in controls as 

well. Although in the Clp1K/K mice the structure of lymphatic vessels showed dilation 

compared to the controls, which may indicate damaged function of pulmonary lymphatics 

(Figure 7A, B). 
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Figure 7 Dilated pulmonary lymphatic vessels in late gestation Clp1K/K embryos with 
impaired FBMs (I). 

A) Morphology of lymphatic vessels shown by immunostaining for LYVE1, PROX1 
lymphatic markers and DAPI nuclear staining at different stages of embryonic life (E14.5, 
E15.5, 16.5, E17.5, E18.5 and E19.5) of Clp1+/+ and Clp1K/K embryonic lungs on the 
c57Bl/6 genetic background. Representative images are shown of 2-4 embryos per each 
group. Bars, 50µm. B) Normalized lymphatic vessel area in Clp1+/+ and Clp1K/K embryos 
at E17.5 and E18.5 before birth on the c57Bl/6 genetic background. Quantitative data are 
shown as mean and SEM of 4 embryos in each group from 3 litters (*P<0.05 (two-tailed 
t-test)). C) Lymphatic morphology of the skin and small intestine shown by 
immunostaining for LYVE1, PROX1 and nuclear DAPI staining of Clp1+/+ and Clp1K/K 
embryos at E18.5 on the c57Bl/6 genetic background. Representative images are shown 
of 4 embryos from 3 litters. Bars, 50µm. 
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4.5 Lymphatic Function Impairment Shown in Late Gestation Lungs of Clp1K/K 

Embryos 

To monitor the lymphatic function, we crossed lymphatic reporter mice (Flt4YFP) with 

Clp1 mice. Large molecular weight (70 kDa) fluorescent labeled macromolecule (RhD) 

was injected into the developing lung of these mouse embryos. In this experiment after 

60 min post injection, we detected selective uptake and transport of the fluorescently 

labeled macromolecules in reporter positive pulmonary lymphatic vessels in Clp1K/+ 

control embryos. Interestingly, we identified decreased RhD signal in the lymphatic 

vessels of late gestation (E18.5) Clp1K/K embryos compared to the controls. These results 

indicate that lymphatic function was severely reduced in Clp1K/K embryos at E18.5 

compared to littermate controls (*P = 0.0151) (Figure 8A, B). 

 
Figure 8 Impaired pulmonary lymphatic function in late gestation Clp1K/K embryos with 
impaired FBMs (I). 

A) Lymphatic function of late gestation lungs. Monitoring the uptake and transport of 
fluorescently labelled macromolecules by pulmonary lymphatic vessels in control 
(Clp1+/+ or Clp1K/+) and Clp1K/K E18.5 embryonic lungs carrying Flt4YFP lymphatic 
reporter allele on the c57Bl/6 genetic background. The fluorescently labelled 
macromolecules were 70 kDa RhD which was injected into the lung via the chest wall 
and uterus. Representative images are shown of 3-4 embryos per group from 5 litters. 
Bars, 250µm. B) Quantitative data for normalized lymphatic function measured as 
intensity of the RhD signal in fluorescently labelled pulmonary lymphatic vessels are 
shown as mean and SEM at E18.5 in control (Clp1+/+, Clp1K/+) and Clp1K/K embryos from 
3-4 embryos per each group from 5 litters (*P<0.05 (two-tailed t-test)). 
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4.6 Local lymphatic growth in vivo by administration of VEGFC mRNA-LNPs 

into back skin  

To characterize organ-specific lymphatic growth in the skin we used Prox1GFP 

lymphatic reporter mice, in which lymphatic endothelial cells express GFP (100). As 

described in the methods Norbert Pardi from the University of Pennsylvania designed and 

produced the nucleoside-modified mRNAs and Acuitas Therapeutics, Vancouver, BC, 

Canada developed and prepared the lipid nanoparticles. These nucleoside-modified 

VEGFC mRNA-LNPs were injected intradermally into the back skin of Prox1GFP 

lymphatic reporter mice. Remarkably, a major increase in lymphatic growth was detected 

after 22 days which is shown by fluorescent stereo microscopy by detecting the Prox1-

GFP signal (green) and LYVE1 (magenta) expression of lymphatic endothelial cells in 

paraffin-based histology slides (Figure 9). 

 
Figure 9 Lymphatic morphology in the back skin of lymphatic reporter animals injected 
with control Poly(C) or VEGFC mRNA-LNPs (II).  

Representative images of 15 mice 22 days after the treatment in Prox1GFP reporter adult 
mice are shown by whole-mount fluorescent stereo microscopy (top panels; bars, 1000 

https://www.thesaurus.com/browse/remarkably
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μm) and anti-LYVE1 immunostaining of slides processed by paraffin-based histology 
(lower panels; bars, 50 μm). Arrows show LYVE1 (magenta) and Prox1-GFP(green) 
positive lymphatic vessels. On the left side the control Poly(C) injected mice have been 
seen while on the right side VEGFC mRNA-LNPs injected mice. 
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5. Discussion 
Besides the well-known, classical functions of lymphatic system, it has become 

progressively clear that lymphatic vessels, present in different organ-specific 

environments, has organ specific lymphatic functions (41, 89, 93, 102-104). Our aim was 

to identify these organ-specific functions of lymphatics, focusing on the neonatal lung 

and adult skin. 

Lung development requires a complex prenatal pulmonary maturation program which 

prepares the lung for air inflation and gas exchange at birth. All the members and factors 

of this complicated process are still not fully known. Experimental data indicates 

surfactant has a key role here, which increases lung compliance by reducing surface 

tension in the lung (21-24). Therefore, surfactant in therapy improves pulmonary 

compliance, reduces RDS morbidity and lowers the risk of chronic lung disease (17-20). 

However, surfactant therapy also has limitations. Therefore, premature newborns still 

need further supportive care such as oxygen and mechanical ventilation which have long-

term complications (35, 36). Thus, new methods and mechanisms would be greatly 

needed. Therefore, further studies also are needed to uncover other potential therapeutic 

targets. 

Lymphatics of the lung play a critical role in adulthood, for example in diseases such 

as asthma, tuberculosis, and chronic obstructive pulmonary disease (COPD) (40, 105-

108). Remodeling of lung lymphatic vessels have been seen in asthma (109), which is 

mediated by factors such as VEGFC in addition to other molecules (110, 111). In patients 

with advanced COPD increased lymphatic vessel density is associated with the alveolar 

spaces (112) as well as an increased number of lymphoid follicles were found (113). 

Rather than a passive tube, the lymphatic vasculature is increasingly identified as 

modulating organ function and disease pathogenesis. Certainly, changes in lymphatic 

morphology or function have been observed in nearly every lung disease in which they 

have been studied (43). Novel tools for investigating the lymphatic system contribute to 

better understanding of their role in diseases and their organ specific functions. 

Lungs develop in a fluid environment in utero, the removal of this fluid and the 

inflation of the lungs are critical steps at the moment of birth. However, early studies do 

not support significantly increased lymphatic drainage from the lung during or 

immediately after birth in lambs (54). Prior study of our research group revealed that 
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lymphatic function increases lung compliance before birth and supports the successful 

inflation of the lung and also changes lung mechanics to prepare for inflation at birth (38). 

This poses the question whether it is possible to stimulate the lymphatic function in the 

lungs before or at birth and what other mechanisms can play role in the lungs to prepare 

for the first breath. 

In utero fetuses perform periodic breathing-like movements during late gestation, these 

are the fetal breathing movements (FBMs). However, the physiological importance of 

these events is still not clear. As we search for new mechanisms in preparation of the 

developing lungs for inflation at birth, better understanding of physiological role of FBMs 

in this context is needed. 

Prior experimental approaches to study FBMs had major limitations. Surgical 

approaches affect a number of other physiological processes, not just FBMs (76, 77). The 

leakage or drainage of the amniotic fluid influences the volume and function of the organs 

in addition to FBMs (78-80). Embryos paralyzed from the early embryonic period such 

as Myf5-/- mice and Myf5-/-:MyoD-/- double knock out mice, have severe defects of the 

skeletomuscular system represented in their smaller size and reduced growth (71, 72, 75), 

which also poses serious limitations. 

For our experiments we used the Clp1K/K kinase-dead mouse model which was 

described by Hanada et al., 2013 and these mice lose the innervation of skeletal muscles 

from E16.5 onward. Our results confirmed their findings (84) where Clp1K/K newborns 

showed impaired motor function (including fetal breathing movements) resulting in fatal 

respiratory failure with cyanosis after birth (Figure 4A, B). It has been reported that the 

frequency of fetal breathing movements of the late gestation embryos correlates well with 

the breathing activity of the newborns after birth (60). It is known that embryos paralyzed 

from the early embryonic period have severe defects of the skeleton represented in their 

smaller size and reduced growth (71, 72, 75), which results in great experimental 

limitations. Therefore, we measured the total weight of Clp1K/K newborns, and no 

difference was found. Moreover, there was no difference in size between Clp1K/K 

newborns and control Clp1K/+ or Clp1+/+ (Figure 4A, B). Consequently, our results 

indicate that the Clp1K/K mice serve as an excellent genetic model to study the possible 

role of FBMs on pulmonary development in utero. 
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In the study of Hanada et al. they examined whether lung development was impaired 

in Clp1K/K mice. Therefore, they investigated Caveolin 1, Surfactant protein A and 

Surfactant protein C expression which appeared normal indicating normal lung 

development (84). In connection, we aimed to investigate cellular and molecular lung 

development in more detail. Therefore, we performed histological analyses and 

immunohistochemistry studies. The expression of molecular markers of lung 

development including alveolar type I and II cell, Club cell, mesenchymal cell, and 

vascular cell markers showed normal pulmonary development (Figure 5). This data 

corresponds to the previous report where the Clp1K/K mouse strain was described, they 

had similar findings regarding lung development markers Caveolin 1 (alveolar type I 

cell), Surfactant protein A and Surfactant protein C (alveolar type II cell) (84). Another 

prior study, in which authors studied the possible role of the mechanical forces on lung 

development by aspirating the amniotic fluid is indicated that amniotic fluid inhalation 

influences alveolar type I cell differentiation, where fibroblast growth factor 10 (FGF10) 

and extracellular signal-regulated kinase 1 and 2 (ERK1/2) signaling involved to specify 

alveolar type II fate (114). In connection with this study, it is relevant to highlight that the 

leakage or drainage of the amniotic fluid may affect not only FBMs but also the volume 

and function of the organs. Therefore, this model provides important results about the 

possible role of mechanical forces and fluid volumes on lung development, however these 

have serious limitations regarding characterizing the physiological role of FBMs. 

However, our data showed impaired lung expansion represented as the alveolar septa 

being thicker, and the alveolar area is reduced in Clp1K/K late gestation embryos which 

suggest that mechanical forces including FBMs influence the expansion of the developing 

lung (Figure 6A-C). Former studies, where also FBMs were studied, in connection with 

indicated defect of lung expansion, were models with transection of the spinal cord or the 

section of the phrenic nerve. In these studies, the presence of lung hypoplasia was 

concluded, while part of the results indicated that the cellularity represented by the total 

DNA content of the developing lung is not affected (76, 77). As referred to their result of 

total DNA content, we concluded similar findings (Figure 6D). However, the surgical 

approaches in these former studies manipulating the spinal cord or phrenic nerve are 

heroic studies and may affect a multitude of other physiological processes in addition to 

FBMs which poses severe limitations.  
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Our aim was to describe pulmonary lymphatic growth and function in late gestation 

Clp1K/K embryos. Pulmonary lymphatics are present in the lungs of Clp1K/K embryos, but 

they are markedly dilated at late gestation (Figure 7). Furthermore, late gestation Clp1K/K 

embryos show reduced prenatal lymphatic function as well (Figure 8). Prior studies 

indicated that prenatal lymphatic function parallelly also plays an important role in 

preparation of the developing lung for inflation at birth. In this study lymphatic deficient 

mice were used (Ccbe1-/- and Vegfr3kd/kd), and newborns similarly to Clp1K/K newborn was 

cyanotic and died due to respiratory failure shortly after birth. Furthermore, the lungs of 

late gestation Ccbe1-/- and Vegfr3kd/kd embryos also showed thickened alveolar septa and 

reduced alveolar area. Taken together, our results in accordance with previous findings, 

all suggest that lymphatics and FBMs have critical role in lungs during prenatal 

preparation for the first breath. Ccbe1-/- and Vegfr3kd/kd  mice lacking lymphatic function 

exhibit significant decrease in the compliance compared with control littermates (38). 

Lymphatics drain the interstitial fluid. All this data suggests that dilated lymphatic vessels 

as impaired lymphatic function may contribute to the appearance of thickened alveolar 

septa and reduced alveolar area. In conclusion, our current study confirmed previous 

findings that lymphatics play an important role in lung development for the preparation 

to the first breath. 

As it was discussed in the introduction, collecting lymphatics in the lung lack smooth 

muscle cell coverage (39, 40) while other collecting lymphatics in the body has to support 

the lymph flow. Therefore, in the lung other mechanisms should be present to provide the 

pumping function and maintain the lymph flow in pulmonary lymphatics. Our result 

suggests that changes in the pressure and respiratory movements may be a driver of 

lymphatic drainage in the lung as opposed to the contraction of the vessel itself. These 

findings suggest that lymphatic function, both pre- and postnatally may be dependent on 

breathing movements. Therefore, it is possible that FBMs stimulate prenatal lymphatic 

function in pulmonary collecting lymphatics lacking smooth muscle coverage to prepare 

the developing lung for inflation and gas exchange at birth. However further 

investigations are needed to better understand the role of FBMs and lymphatic function 

in lung development in preparation for the first breath. 

It has been recently reported that mechanical pressure-mediated c-JUN (jun proto-

oncogene, AP-1 (activating protein-1) transcription factor subunit) expression modulates 
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remodeling of the actin cytoskeleton in LECs to open flaps which is essential in enabling 

lymphatic vessels to take up interstitial fluid in P0 lungs (115). They used single cell RNA 

sequencing analysis which revealed c-JUN transcription factor is transiently upregulated 

in lymphatic endothelial cells of newborns lungs. In Jun cKO and short interfering 

ribonucleic acid (siRNA) silenced c-JUN (siJUN) models they showed impaired 

lymphatic vessel opening, which lead fluid retention in the lung and caused the death of 

newborns. They also confirmed that increased mechanical pressure induces the 

expression of c-JUN in lymphatic endothelial cells. Moreover, the density of actin fibers 

decreases in LECs of siJUN lungs (115). After these new findings the study of the c-JUN 

pathway in mice lacking FBMs could provide further valuable information. In this way 

we could learn more about c-JUN pathway related to fetal breathing movements. 

To identify organ specific lymphatic function, next to the study of the neonatal lung, 

our aim was to investigate lymphatic growth in the skin. Nucleoside-modified mRNA-

LNP is a novel, greatly effective, and safe therapeutic tool which is used widely for 

example for vaccine development, protein replacement therapy, and gene editing (95-98, 

116). In these experiments we demonstrated that nucleoside-modified VEGFC-encoding 

mRNA-LNPs were highly efficient to induce the growth of lymphatic vessels in the back 

skin of adult mice (Figure 9). These findings may contribute to the treatment of 

lymphedemas.  

Lymphatic vessels are present in different organ-specific environments, which may 

require different lymphatic growth and function. Neonatal lung and adult skin are 

immensely different organs. Our aim was to identify organ-specific functions of 

lymphatics focusing on these two organs. Our results indicated that FBMs have a role in 

the preparation of the developing lung for the inflation and gas exchange at birth. 

Furthermore, our current study has confirmed previous findings that lymphatics play an 

important role in lung development for the preparation to the first breath. These findings 

suggest that lymphatic function, both pre- and postnatally may be dependent on breathing 

movements. However, new questions rise and further investigations are needed to better 

understand the role or FBMs and lymphatic function in lung development in the 

preparation for the first breath. 
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6. Conclusions 
Surfactants have been considered the most important factors in lung development to 

prepare the lung for air inflation at birth. A prior study of our research group has reported 

that lymphatic function is a previously unknown factor which increases lung compliance 

before birth. Therefore, lymphatics have an important role in preparation for the inflation 

at birth. We aimed to better understand what other factors and mechanisms could play 

role in late gestation and at birth. We could confirm that newborns of Clp1K/K mice 

exhibited impaired motility and respiration, or a complete lack of movement and 

breathing (Figure 4). We think this model is excellent for studying the impact of FBMs 

on lung development and gives another view compared to previous other approaches like 

leakage or drainage of the amniotic fluid, performing heroic surgery, or paralysis starting 

at an early developmental stage, etc., which all have great limitations.  

Our next aim was to describe cellular and molecular lung development of Clp1K/K late 

gestation embryos lacking FMBs. We could conclude that it was normal, and no 

significant difference was detectable between Clp1K/K and control Clp1+/+mice (Figure 

5). However, our results demonstrated impaired lung expansion represented in thicker 

alveolar septa, reduced alveolar area in Clp1K/K late gestation embryos which indicates 

that mechanical forces including FBMs may affect the expansion of the developing lung 

(Figure 6A-C). 

Our following aim was to characterize the lymphatic function in late gestation embryos 

lacking FBMs. Pulmonary lymphatics are developing and are present in the lungs of 

Clp1K/K embryos, but they are markedly dilated at late gestation (Figure 7). Importantly, 

late gestation Clp1K/K embryos show reduced prenatal lymphatic function as well (Figure 

8). Therefore, our results indicate that lymphatics play an important role in lung 

development for the preparation to the first breath. 

Another aspect which could provide valuable information in the future is to stimulate 

FBMs during late gestation to study whether it could be an effective way to reduce the 

risk of the development of neonatal respiratory failure. 

Our final objective was to characterize a system to induce organ specific lymphatic 

growth in the skin. With nucleoside-modified VEGFC mRNA-LNP platform we could 

effectively increase local lymphatic growth in the back skin dose dependently (Figure 9). 

In the future it may open new aspects of the treatment of lymphedemas. 



43 
 

New results in points: 

• Our results show impaired lung expansion represented as the alveolar septa are thicker, 

and the alveolar area is reduced in Clp1K/K late gestation embryos. 

• Our findings suggest that mechanical forces including FBMs influence the expansion 

of the developing lung, while the expression of molecular markers of lung 

development are not affected. We could not detect lung hypoplasia. 

• Clp1K/K late gestation embryos have dilated pulmonary lymphatic vessels, display 

reduced prenatal lymphatic function and impaired lung expansion. Our results have 

revealed the previously unrecognized role of skeletal muscle function including FBMs 

in prenatal lung expansion, suggesting that FBMs and prenatal pulmonary lymphatics 

function together to prepare the developing lung for inflation and gas exchange at birth. 

• We developed a system to induce organ-specific lymphatic growth in the skin. 

Nucleoside-modified VEGFC mRNA-LNPs effectively increased local lymphatic 

growth in back skin. 
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7. Summary 
The classical function of lymphatics such as maintaining tissue homeostasis and 

immunosurveillance are well known. However, different organs have profoundly 

different tissue environments, which require organ-specific lymphatic function and 

growth. Our aim was to better understand organ specific lymphatic function of the 

neonatal lung and the organ specific lymphatic growth of the adult skin. 

Initially, we focused on identifying which mechanisms besides surfactant contribute 

to preparing the neonatal lung for the first breath. Recently lymphatic function was 

revealed as a previously unknown mechanical regulator of prenatal lung compliance 

which prepares the embryonic lung for inflation at birth. Late gestation embryos perform 

episodic breathing-like movements called fetal breathing movements (FBMs), but the 

physiological importance of these events is not clear. In our current study we aimed to 

characterize the physiological role of FBMs in preparation for air inflation at birth. For 

our experiments we used Clp1K/K mice, which develop a progressive loss of spinal motor 

neurons associated with axonal degeneration and denervation of neuromuscular junctions 

from E16.5 onward serving as an ideal genetic model to test the possible role of FBMs. 

We confirmed that Clp1K/K newborns showed impaired motor function including FBMs 

which resulted in fatal respiratory failure after birth. Next, we showed that the alveolar 

septa are thicker, and the alveolar area is reduced in Clp1K/K late gestation embryos, while 

the expression of molecular markers of lung development is not affected. Importantly, 

our results have revealed that Clp1K/K embryos display dilated pulmonary lymphatic 

vessels and reduced prenatal lymphatic function and impaired lung expansion. Collecting 

lymphatics in the lung lack smooth muscle cell coverage, our findings suggest a possible 

mechanism where FBMs stimulate prenatal lymphatic flow in these pulmonary collecting 

lymphatics to prepare the developing lung for inflation and gas exchange at birth. 

Moreover, these results raise the possibility that stimulating FBMs during late gestation 

might be an effective way to reduce the risk of neonatal respiratory failure. 

To better understand organ-specific lymphatic function, we aimed to develop an 

efficient system to induce lymphatic growth in the skin of adult mice. Our results of 

experiments with nucleoside-modified VEGFC mRNA LNP platform suggest that this is 

a novel, greatly potent, and safe therapeutic tool which effectively increases lymphatic 

growth in the skin of adult mice. 
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