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1. Introduction 

1.1.  Organ Specific Functions and Development of the Lymphatic System 

The well-known classical functions of the lymphatic vessels are described as: regulation 

of fluid homeostasis by draining the interstitial fluid back to the blood circulation (Figure 

1), absorption of lipids from the digestive system, and transportation of antigens and 

immune cells [1]. 

Novel organ-specific roles of the lymphatic system were identified lately [2, 3]. Now we 

know that the lymphatic system plays role in the regulation of blood pressure [4], obesity 

[5], cardiac growth and regeneration [6], cardioprotection of the heart after myocardial 

infarction [7], reverse cholesterol transport [8], regulation of the cerebrospinal 

homeostasis by the meningeal lymphatics [9, 10], neurodegenerative diseases [11], and 

preconditioning the lung for the first breaths after birth [12].  

 

Figure 1 Main function of the lymphatic system is to drain interstitial fluid back to 

the circulation. Arterial side of the circulation is marked by red, venous side of the 

circulation is marked by blue color. Green lines mean lymphatic vessels, while green 

circles are lymph nodes.  
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Lymphatic development of the early embryonic and gestational life is well described in 

the literature. The lymphatic system forms after the blood circulation. Most lymphatic 

endothelial cells develop from blood endothelial cells of central veins after lymphatic 

molecular commitment [13]. These lymphatic endothelial cells form the primary 

lymphatic plexus from where main lymphatic collecting vessels develop. However, some 

lymphatic endothelial cells develop from alternative sources of origin [14, 15]. Lymphatic 

endothelial cells express the transcription factor PROX1 (prospero Homeobox 1) for 

lymphatic commitment [16], which is regulated by many transcriptional factors 

including: SOX18 (sex determining region Y-box 18), COUP TFII (chicken ovalbumin 

upstream promoter-transcription factor II), HHEX (hematopoietically-expressed 

homeobox protein), GATA2 (GATA-binding factor 2), fatty acid ß-oxidation, and 

molecules of ERK (extracellular signal-regulated kinase)-signaling route [17]. 

Additionally, a recent publication shows the importance of QPC (ubiquinone-binding 

protein) and mitochondrial complex III in lymphatic, but not in blood vessel development 

[18]. PROX1 itself amplifies the expression of VEGFR3 (vascular endothelial growth 

factor receptor 3), the main receptor for lymphatic endothelial cells [19]. VEGFC 

(vascular endothelial growth factor C), which is the main ligand for VEGFR3, is sufficient 

and essential for lymphatic vessel development [20, 21]. The VEGFC-VEGFR3 signaling 

route is the main signaling route for lymphatic development, maintenance and growth. 

VEGFC and VEGFD (vascular endothelial growth factor D) are well known ligands for 

VEGFR3, but VEGFC is the main physiologic lymphatic growth factor. According to the 

most accepted molecular model of lymphatic development, VEGFC has to be processed. 

The current view is that ADAMTS3 (a disintegrin and metallopeptidase with 

thrombospondin motifs 3) and CCBE1 (collagen and calcium-binding epidermal growth 

factor domain-containing protein 1) are involved in this mechanism to activate properly 

VEGFR3, but further studies are needed to understand the process in vivo [22-24]. 

Deletion of Vegfc, Vegfr3 or Ccbe1 is lethal in mouse models, while several point mutants 

of the corresponding genes result in lymphedema development and other congenital 

diseases in humans (e.g.: Millroy disease, Hennekam syndrome) [25, 26].  Experimental 

mice and clinical human data both show the importance of these genes.  
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All in all, although more and more roles of the lymphatic vessels are identified, more and 

more we know about lymphatic development in general, little is known about organ-

specific functions of the lymphatics in different diseases. There is emerging data about 

lymphatic anatomy and function varying in different organs. Discovering organ-specific 

lymphatic function, and novel mechanisms in different diseases can allow us to find new 

specific therapeutic targets in the future. 
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1.2.  Dysfunction of the Lymphatic System in the Skin and in the Developing Lung 

1.2.1. Organ Specific Function of Lymphatic Vessels in the Skin – Lymphedema – 

Background, Types and Therapy 

Lack or malfunction of the lymphatic vessels in skin causing lymphedema, this serious 

illness affects approximately 250 million people globally [27-29]. This disease results in 

serious reduction of quality of life, and can lead to serious infections if not treated. Still, 

lymphedema remains usually untreated or even undiagnosed, because of the lack of 

proper medical subspecialty training and clinics around the world [30]. There are two 

different major types of lymphedemas: primary and secondary.  

Primary lymphedema is only present in around 1 of 100,000 individuals, starting 

generally around childhood, but can be present at any time of age [31]. Lymphedema is 

more frequent in females than males [32]. Primary lymphedema occurs due to genetic 

defects of genes which play role in lymphatic development. The most common primary 

lymphedemas are  Hennekam syndrome (CCBE1 gene), Milroy disease (FLT4 (fms-

related tyrosine kinase 4) gene), and Milroy like disease (VEGFC gene) [27]. 

Being the more common type, secondary lymphedema affects around 1 of 1,000 

individuals and mostly people over their fifties [33]. In western countries, the most 

common cause of lymphedema is lymphadenectomy, or irradiation performed as breast 

cancer treatment. Another cause can be obstruction of lymphatic flow by tumors or other 

malignancies [27]. In contrast, in developing countries, around 120 million people are 

infected by lymphatic filariasis (caused by Wuchereria bancrofti, Brugia malayi, Brugia 

timori) which is the most common cause of lymphedema, according to the World Health 

Organization [34]. Other less frequent causes of secondary lymphedema are the 

following: venous ulcers and venous disease [35, 36], herpesvirus infection [37], and 

morbid obesity [38].  

Nowadays there is no definitive and causative treatment for lymphedema. Current 

therapeutic techniques include compression therapy, physiotherapy, special dermatologic 

care and manual lymphatic drainage. The disease requires lifelong symptomatic 

treatment; therapy results only in symptomatic relief [39]. There is urgent need for a 

causative treatment for lymphedema. Understanding better the organ specific roles of 

lymphatic vessels in the skin could lead to the development of novel therapeutic 

techniques for this underestimated disease.  
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To examine organ-specific dysfunction of lymphatic vessels different lymphedema 

models have been developed. Most common are surgical models including surgical 

excision of the lymph nodes [40], ablation of the lymphatic vessels in the ear of rabbits 

[41, 42], tail of mice [43, 44], or hind limb of rats [45]. These models have several 

limitations such as low success rates, high risk of infections, the lack of standardisation. 

There is a great need for a reliable model to examine the effects of different therapeutic 

approaches on lymphedema. 

Another research group suggested the use of another mouse model. Gardenier et al. set 

up the Flt4-CreERT2; iDTRfl/fl (Cre (cyclic recombinase), ERT2 (eostrogen receptor type 

2), iDTR (Cre-inducible diphtheria toxin receptor (human isoform of the heparin-binding 

EGF-like growth factor), fl/fl (floxed sequence – sequence flanked by two loxP sites)) (in 

vivo genetic mouse model lately, in which Diphtheria Toxin injection resulted in local 

deletion of lymphatic vessels, and development of lymphedema in hind limbs of mice. 

Only lymphatic endothelial cells express the VEGFR3 protein in adulthood. Therefore, 

the Vegfr3-CreERT2 inducible system, in which the promoter region of the gene encoding 

VEGFR3 drives the Cre recombinase, is an efficient tool to target lymphatics [46]. The 

theory of the system is that if iDTR could only be expressed on lymphatic endothelial 

cells, then Diphtheria Toxin administration would induce the deletion of lymphatics 

alone. Gardenier et al. crossed Vegfr3-CreERT2; iDTRfl/fl knock in system enabling them 

to induce iDTR expression only on the surface of lymphatic endothelial cells after gene 

induction. Thereafter, control solution or Diphtheria Toxin was injected into contralateral 

paws of FLT4-CreERT2; iDTRfl/fl mice. They found that lymphatic endothelial cells were 

deleted, lymphatic function was disrupted in the injection site and secondary lymphedema 

developed. The lymphedema lasted for 52 weeks [47]. This mouse model has several 

advantages over the abovenamed models such as more control, possibly lower infection 

rate, and easier standardization. That way, it can be a revolutionary method to examine 

organ specific function of lymphatic vessels in the skin and test new therapeutic 

approaches for lymphedema. 
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1.2.2.  Lung Development and Lymphatics 

One of the most difficult tasks is the adaptation to extrauterine life after birth. The opening 

of the fetal lung within minutes after birth is mandatory for extrauterine life. During 

intrauterine life, the lung is filled with amniotic fluid. Increase of compliance is a key 

mechanism and is mandatory for the opening of the lung during the first extrauterine 

breaths. Most important regulator of lung compliance is surfactant [48-50]. Lack of 

surfactant in the lung causes RDS (respiratory distress syndrome), that is the most 

common illness among premature neonates especially below 28 weeks of gestation [51]. 

RDS can be treated with exogenous animal surfactant administration [52], but the 

premature neonates still need additional supportive treatments such as oxygen 

administration and non-invasive or invasive ventilation leading to several complications 

[51, 53]. Most present animal and human studies focus on therapies related to surfactant. 

Studying other important mechanisms during lung development, and finding other 

physiological roles increasing compliance of the lung could lead to additional treatment 

strategies in the future. 

One of the intriguing recent findings is the independent role of lymphatic vessels during 

lung development. Individual lymphatic endothelial cells can be found in the lung at 

E12.5 (embryonic day 12.5) and lymphatic vessels have been clearly formed by E14.5 in 

mice [54]. Jakus et al. showed that mice lacking lymphatics (CCBE1 deficient or 

VEGFR3 signaling deficient mouse strains) appear cyanotic and die shortly after birth 

due to respiratory failure. They found that anatomic changes took place, such as 

thickening of the alveolar septae, or reduction of the alveolar space before air inflation of 

the lung. Although, examined molecular or cellular mechanisms were not altered. They 

found that functioning lymphatic vessels are important to lung expansion and increase 

lung compliance during the late gestation period. The wet/dry weight ratio was increased 

when lymphatics were impaired. Therefore, interstitial lung edema may be the cause of 

lung compliance reduction [12]. Additionally, another study showed that injured 

pulmonary lymphatic growth resulted in reduced postnatal survival [54]. In conclusion, 

impaired lymphatic function results in incomplete lung development and increased 

occurrence of respiratory failure and mortality in newborn mice according to the 

abovenamed study. The question raises whether the stimulation of lymphatic function 

could lead to better lung development and respiratory function in newborns. Further 

research of lymphatics of the lung can help us better understand lung development and 
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result in additional therapeutic approaches for respiratory failure in newborns. But, how 

could we stimulate lymphatic function in the developing lung? The structure of lymphatic 

vessels varies depending on the location. Lymphatics in the lung have no smooth muscle 

coverage unlike lymphatics in other areas [55]. In adult lung the pumping mechanism of 

collecting lymphatic vessels is stimulated by breathing. 

Similarly, late gestation embryo performs fetal breathing movements. These are periodic 

movements of the diaphragm performed by late gestation embryos, found in humans, 

large animals, and also in mice. Earlier researchers performed premature cesarean section, 

and examined them by plethysmography [56, 57]. Niblock et al. examined unanesthetized 

pregnant mice by ultrasound without opening the abdominal cavity, and showed that late 

gestation embryos start to perform fetal breathing movements on embryonic day 16. They 

had three different types: sporadic, clustered and rhythmic. The study also demonstrated 

an increase in the occurrence of fetal breathing movements by embryonic development 

[58]. Additional studies are needed to show whether these movements contribute to 

lymphatic drainage in the lung during late embryonic development. 

1.3. Prior Approaches to Stimulate Lymphatic Function in Lymphedema and Their 

Limitations 

According to their major role in lymphatic growth, development, and maintenance, 

VEGFR3 and its ligand VEGFC are ideal targets for the development of a therapeutic 

platform to induce regeneration and growth of lymphatic vessels in lymphedema. Besides 

that, such a platform could be ideal to examine the organ-specific physiological and 

pathophysiological functions of the lymphatic system. 

There were several attempts to generate VEGFC based tools in laboratory circumstances, 

and use them as therapeutics to reverse experimental lymphedema. There are two major 

techniques in the literature for VEGFC administration: protein or adenovirus/ adeno-

associated virus based vector systems [59]. 

Protein administration has major disadvantages such as the high cost and difficult 

techniques of production, the complex methods for purification and the problem of 

maintenance of a long-lasting effect is still not solved [60]. 
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There were several attempts to grow or even regenerate lymphatic vessels by 

administration of VEGFC as recombinant protein, but these previously promising 

attempts only had limited effects [7, 11, 61-64].  

Szuba and colleagues needed high dose, 100 µg of human recombinant VEGFC protein 

to induce lymphangiogenesis, and treat postsurgical lymphedema in ears of rabbits [61]. 

Jin and coworkers showed lymphatic vessel growth and positive remodeling after 

VEGFC administration in murine tail lymphedema model [64]. Another research group 

tried to regrow lymphatic collecting vessels after performing full-dermis thickness 

incisional wound and injecting 200 ng of VEGFC protein. Although, all measured 

lymphatic parameters were significantly increased after VEGFC injection compared to 

controls, and lymphangiogenesis near the wound was more common, these differences 

were not significant. Furthermore, there were no changes in the clinical aspects of the 

wound (e.g., edema) [62]. Because of the minimal short-acting effect, some research 

groups used albumin-alginate microparticle or hydrogel bound forms of VEGFC to 

lengthen and regulate the effect in the meningeal compartment or in heart after myocardial 

surgery in rats [7, 11]. 

Another technique used to administer VEGFC in the literature are adenovirus and adeno-

associated virus-based systems. Adenovirus and adeno-associated virus-based systems of 

VEGFC were an effective way to stimulate lymphatic growth in mice and pigs. Also, a 

drug candidate entered a Phase II clinical trial (NCT03658967) [22, 65-73]. Although 

these techniques made continuous and regulated protein expression possible, they have 

other serious potential downsides. The use of these virus vector-based systems can result 

in genome integration. Regulation of the possible expression amplification is not solved, 

and the vector virus itself can cause immune reactions and vascular growth. Furthermore, 

potential carcinogenic effect was also described [74, 75].  
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1.4.  Novel in Vivo Protein Expression System for Vaccine Development: Nucleoside 

Modified mRNAs Encapsulated into Lipid Nanoparticles 

Nucleoside modified mRNA-LNP (mRNA (messenger ribonucleic acid), LNP (lipid 

nanoparticle)) system (Figure 2) is a novel approach for protein expression in vivo 

invented for vaccine development against viral infections such as: influenza, rabies and 

Zika virus [76-82]. Its importance was recognized during the COVID-19 (coronavirus 

disease 2019) pandemic, when mRNA-LNP vaccines were used for the first time as 

human therapeutics. Multiple manufacturers produced vaccines utilizing this method and 

studying them in Phase III clinical trials during the COVID-19 pandemic. Based on these 

studies and numerous publications, the currently developed mRNA-LNP vaccines are 

efficient, and they barely have any side effects [83, 84]. This technology has also 

promising potential in other medical fields such as cancer therapy [80, 85], therapeutic 

protein expression or replacement [86-89], and gene editing [90]. Before mRNA 

technology could be a highly functioning system, researchers had to overcome obstacles 

such as: instability, innate immune reactions and inefficient in vivo delivery. Nucleoside 

modification of mRNAs and encapsulation of mRNAs into lipid nanoparticles, which is 

a newly developed drug delivery system, helped mRNA therapy not just to be delivered 

easily to cells but to be more stable and hidden from the innate immune system. 

 

Figure 2 Schematic Structure of the mRNA-LNP System. The mRNAs (green objects) 

are incorporated into a double lipid layer structure (blue dots), which is called lipid 

nanoparticle. It contains several different lipid molecules.  

  



15 
 

mRNA techniques are not just excellent therapeutics, but more advantageous compared 

to other in vivo protein expression systems such as adenovirus or adeno-associated virus 

ones. There is no possible integration into the host DNA (deoxyribonucleic acid), no anti-

vector immunity or innate immune activation, yet the protein production is long lasting 

and easily controllable. Last but not least the in vitro transcription of the mRNA is a 

simpler and easier task than vector generation or protein production and purification [77]. 

All in all, nucleoside modified mRNA encapsulated into lipid nanoparticles is a promising 

technology not just for vaccine development, but also for in vivo protein expression. It 

might be an excellent way to induce the production of VEGFC, lymphatic growth, 

function, and to study the organ-specific role of lymphatics.  

1.5. Past Animal Studies of Fetal Breathing Movements in Lung Development 

Several studies showed that fluid secretion and mechanical forces are the key regulators 

for embryonic lung development [91-95]. Fetus performs periodic breathing-like 

movements called fetal breathing movements during late gestation, which generate 

mechanical forces. Researchers tried to examine mechanical forces and FBMs (fetal 

breathing movement) during lung development in vivo in the past with three different 

methods: heroic surgical methods, anhydramnios models and paralysis causing mutation 

models. 

Some researchers tried to induce the absence of late gestation FBMs by heroic surgical 

interventions. Intrauterine surgical methods were used such as phrenic nerve section and 

spinal cord transection in lamb fetuses to examine the role of FBMs [96, 97]. These 

surgical interventions resulted in reduced lung expansion and reduced wet lung weight. 

Authors concluded upon these findings that absence of FBMs results in lung hypoplasia. 

But detailed analysis of the data shows that the dry weight of the lung was not altered 

which indicates that lung hypoplasia did not develop. When other researchers repeated 

the experiment in a sham-controlled study, they found that the histological and wet weight 

findings were even more explicit in the control animals than in the studied ones. In 

conclusion in this study it was found that the lack of FBMs might be responsible for lung 

hypoplasia [98]. 

Others drained the amniotic fluid in animal studies, which resulted in absence of FBMs. 

This model is related to the clinical observation which show that in anhydramnios, when 

amniotic fluid is fully leaked, the lung is collapsed. Unfortunately, lung hypoplasia is also 
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present in this condition. A research group showed permanent amniotic fluid leakage 

resulting in atelectasis in the lung and lung hypoplasia. This model has several limitations, 

the absence of amniotic fluid results in the absence of FBMs, but also affects development 

of the fetus [91]. 

Third type of experimental method used to eliminate FBMs is based on the clinical 

observation, that skeletal muscle development disorders result in altered lung 

development, referred to as lung hypoplasia [99]. Unfortunately, these human fetuses 

have IUGR (intrauterine growth restriction), suggesting that early movements and the 

muscle innervation are also important for skeletal development. Related to this 

observation, in one study authors observed mouse fetuses in which a genetic mutation 

caused paralysis from the start of gestation. They found not only lung hypoplasia but also 

the reduction of the overall embryonic weight like in skeletal muscle development 

disorders. Biggest limitation of this study is that not only the FBMs were affected, 

because the muscles were paralyzed from the early period of embryonic life. This way 

the dysmature phenotype and lung hypoplasia can be a result of overall skeletal 

developmental problem and not the lack of FBMs [100]. 

All of these animal models have great limitations and they could not examine FBMs or 

mechanical forces in the developing lung alone so there is a great need for a better animal 

model to understand the roles of FBMs in lung development.  

One important question can be, what kind of animals should one use to study FBMs. A 

recently published article showed the presence of FBMs with ultrasound technique in 

unanesthetized pregnant mice. They found that the development of FBMs start at 

embryonic day 16 and showed rigorously the development and changes of FBMs during 

embryonic life of the fetuses [58]. 

How can FBMs be related to lymphatic vessels? It is important to note that collecting 

lymphatic vessels have smooth muscle coverage to introduce pumping function and 

lymphatic fluid flow in most of organs [101], but in contrast to that collecting lymphatic 

vessels in the lung lack this smooth muscle coverage [55]. Thus, it is a logical theory that 

another mechanism is important for the lymphatic flow. In adults the permanent periodic 

breathing can assist to that as a natural pumping mechanism, but it is not present in the 

developing lung.  
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1.6. Novel Genetic Model for Late Gestational Neuronal Degradation  

The Clp1K/K (cleavage factor polyribonucleotide kinase subunit 1) mouse model is a 

promising mouse model, which could be used for examining the FBMs. Recently a 

research group showed that Clp1K/K late gestation embryos lose innervation of skeletal 

muscles via a progressive axonal degeneration mechanism. The loss of CLP1 kinase 

activity results in small RNA fragment accumulation in the neurons because of aberrant 

processing of pre-transfer RNAs. As the research group showed, the reexpression of wild 

type CLP1 or genetic inactivation of p53 (tumor protein 53) rescues the motoneuron loss, 

so this is a p53-dependent process. 

The degeneration starts from 16.5 days of gestation, that is exactly the time point when 

FBMs appear. Thus, it can be an ideal platform to examine the absence of FBMs alone 

without affecting early skeletal and muscle development [102]. 

FBMs can be one potential pumping mechanism of the lymph flow, because collecting 

lymphatic vessels lack smooth muscle coverage in the lung. Clp1K/K model can be a 

promising model to study not just the lack of FMBs, but also the organ-specific lymphatic 

function in the developing lung. 
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2. Objectives 

To understand better the organ-specific physiological and pathophysiological roles of the 

lymphatics in the skin and in the developing lung, which can potentially lead us to better 

therapeutic approaches against secondary lymphedema in adult patients and respiratory 

failure in newborns.  

To examine organ-specific function of lymphatics in the skin, we wanted to develop a 

novel nucleoside-modified VEGFC mRNA platform (VEGFC mRNA-LNP) to induce 

organ-specific lymphatic growth in vivo including the following steps: 

- development and production of the VEGFC mRNA-LNP platform; 

- characterization of the VEGFC mRNA-LNP system in vitro; 

- characterization of the VEGFC mRNA-LNP system in vivo; 

- testing the VEGFC mRNA-LNP complexes in an experimental lymphedema 

mouse model in vivo. 

 

To better understand physiologic and pathophysiologic roles of the lymphatics in the 

developing lung we aimed the followings:  

- setting up a mouse model, in which FBMs are impaired during late gestation 

embryonic development; 

- characterizing the phenotype of Clp1K/K newborn mice; 

- setting up an ultrasound-based system to monitor FBMs; 

- monitoring the FBMs in Clp1K/K and control embryos during development in 

utero. 
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3. Results 

3.1. VEGFC Protein Is Present in the Supernatant of HEK293T Cells After VEGFC 

mRNA-LNP Transfection 

First, murine VEGFC-encoding 1-methylpseudouridine-containing mRNAs were 

designed, synthetized, purified, and encapsulated into LNPs in cooperation with Dr. 

Norbert Pardi from the University of Pennsylvania and Acuitas Therapeutics in Canada. 

For the first analysis VEGFC mRNA-LNPs were tested in an in vitro experiment. 1 µg of 

Poly(C) RNA-LNPs or VEGFC mRNA-LNPs were added to the medium of HEK293T 

(human embryonic kidney 293T) cells. 8 hours, 1, 4, 8 days after the treatment the 

supernatant of the cells was harvested. 4 and 8 days after the transfection VEGFC protein 

were present and detectable with Western Blot analysis (Figure 3). 

 

Figure 3 Administration of VEGFC mRNA-LNPs Induces VEGFC Secretion in 

Vitro. “1 µg of Poly(C) or VEGFC mRNA-LNPs were added to the medium of HEK293T 

cells, and VEGFC (in supernatants) and β-actin (in cell lysates) protein expression levels 

were determined at 8 hours and at days 1, 4, 8 by Western blot analyses. Representative 

images are shown of 3 independent experiments.” [I] 
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3.2. VEGFC Protein Is Expressed in Vivo Locally After VEGFC mRNA-LNP 

Administration 

Then, in vivo effects of VEGFC mRNA-LNP injection were examined. After VEGFC 

mRNA-LNP injection into one ear of a wild type C57BL/6 (C57 black 6) mice, higher 

levels of VEGFC protein were measured in the interstitial fluid of the ear compared to 

the contralateral side injected with Poly(C) (polycytidylic acid) RNA-LNP as control. 

The elevated VEGFC protein level was present and significant on 1, 5, 10 and 15 days 

after the injection. On the twentieth day minimal elevation was present but was not 

significantly higher (Figure 4). 

 

 

Figure 4 Administration of VEGFC mRNA-LNPs Induces VEGFC Secretion in 

Vivo. “1 µg of Poly(C) or VEGFC mRNA-LNPs were injected into contralateral ears of 

mice intradermally. Interstitial fluid samples were harvested 1, 5-, 10-, 15- and 20-days 

post injection and VEGFC protein expression levels were determined by ELISA 

(enzyme-linked immunoassay). Quantitative data for the secreted amount of VEGFC are 

represented as mean and SEM (standard error of mean) from Poly(C) or VEGFC mRNA-

LNP injected ears of 3–4 mice at each time point (two-tailed, paired T-test (Student’s t-

test), P = 0.0023 (p-value, probability value) after 1 day for 3 mice, P = 0.0063 after 5 

days for 4 mice, P = 0.0017 after 10 days for 4 mice, P = 0.0332 after 15 days for 4 mice, 

and P = 0.7025 after 20 days for 4 mice). Asterisks indicate P < 0.05 compared with 

control.” [I] 
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3.3. Organ-Specific Lymphatic Growth Is Present After VEGFC mRNA-LNP Injection 

Secondly, lymphatic morphology was assessed. One ear of Prox1GFP mice was injected 

with VEGFC mRNA-LNP complexes and the other ear was treated with Poly(C) RNA-

LNP as control. Lymphatic endothelial cells of Prox1GFP mice express GFP (green 

fluorescent protein) so it is an excellent tool to assess lymphatic morphology. LYVE1 

(lymphatic vessel endothelial hyaluronan receptor 1) is an excellent marker for staining 

lymphatic endothelial cells.  

22 days and 60 days after VEGFC mRNA-LNP administration, significant lymphatic 

growth was detected in ears (Figure 5). Quantification of the data showed significant 

increase in the length of the lymphatic network, the average diameter of lymphatic vessels 

and the number of branching points after 5, 12, 17, 22, 35 and even after 60 days (Figure 

6). We also detected a dose dependent lymphatic growing effect. (To that end, we 

performed two-way ANOVA in all cases. In the case of length of the lymphatic network: 

factor P = 0.0003. According to the post-hoc analysis between doses 0.04 µg vs. 0.2 µg 

of VEGFC mRNA-LNP injection P = 0.6025, 0.04 µg vs. 1 µg P = 0.0001, 0.2 µg vs. 1 

µg P = 0.0016. In the case of average diameter of lymphatics: factor P = 0.6236. 

According to the post-hoc analysis between doses 0.04 µg vs. 0.2 µg of VEGFC mRNA-

LNP injection P = 0.9873, 0.04 µg vs. 1 µg P = 0.4642, 0.2 µg vs. 1 µg P = 0.6801. In the 

case of average branching points / field of view: factor P = 0.0003. According to the post-

hoc analysis between doses 0.04 µg vs. 0.2 µg of VEGFC mRNA-LNP injection P = 

0.0169, 0.04 µg vs. 1 µg P < 0.0001 0.2 µg vs. 1 µg P = 0.381.) Additionally, Significant 

increase of all three morphology parameters were observed when injected with as low as 

0.04 µg (Figure 7). 
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Figure 5 Administration of VEGFC mRNA-LNPs Induces Local Lymphatic Growth 

in Mice in Vivo. „(a–b) Analysis of lymphatic morphology in the ear of Prox1GFP 

lymphatic reporter mice injected with 1 µg of Poly(C) or VEGFC mRNA-LNPs. 

Representative images 22 days (a) and 60 days (b) after the treatment of ear of 15 (a) and 

5 (b) mice in each group are shown by whole-mount fluorescent stereo microscopy (upper 

panels; bars: 1000 µm (a) and 500 µm (b)) and Prox1GFP signal and LYVE1 are shown 

by anti-LYVE1 immunostaining of slides processed by paraffin-based histology (lower 

panels; bars: 50 µm). Arrows indicate Prox1GFP and LYVE1 double positive lymphatic 

vessels.” [I] 
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Figure 6 Time Dependency of VEGFC mRNA-LNP Injection Induced Local 

Lymphatic Growth in Mice in Vivo. “Assessment of the time-dependent effect of 

intradermal administration of 1 µg of Poly(C) or VEGFC mRNA-LNPs in the ear at days 

5, 12, 17, 22, 35 and 60. Quantitative data for the length of lymphatic network, average 

lymphatic vessel diameter and number of branching points per vision field are represented 

as mean and SEM from Poly(C) or VEGFC mRNA-LNP-injected ears of 5-15 mice in 

each group (two-tailed, paired T-test, for lymphatic network length P = 0.0005 after 22 

days for 15 mice and P = 0.0005 after 60 days for 10 mice. For average lymphatic vessel 

diameter P = 0.000005 after 22 days for 15 mice and P = 0.0002 after 60 days for 10 mice. 

For number of branching points P = 7.48*10-7 after 22 days for 15 mice and P = 0.0001 

after 60 days for 10 mice).” [I]

 

Figure 7 Dose-Dependency of Lymphatic Morphology Parameters of Mice Injected 

with VEGFC mRNA-LNPs. “Monitoring the dose-dependent effect of Poly(C) or 

VEGFC mRNA-LNPs (0.04, 0.2 and 1 µg) 20 days after intradermal treatment of the ear. 

Quantitative data for the length of lymphatic network, average lymphatic vessel diameter 

and number of branching points per vision field are represented as mean and SEM from 

LNP complex-injected ear of 6-17 mice in each group (two-tailed Wilcoxon signed-rank 

test for lymphatic network length P = 7.04*10-5 for 17 mice, two-tailed, paired T-test for 

average lymphatic vessel diameter P = 4.61*10-7 for 17 mice and two-tailed, paired T-

test for number of branching points P = 6.84*10-7 for 17 mice when injected with 1 µg of 

Poly(C) or VEGFC mRNA-LNP).” [I] 
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We also investigated the effect of VEGFC mRNA-LNP on lymphatics in other organs to 

show the versatility of this platform. We observed increased lymphatic growth in the 

diaphragm after intraperitoneal, in the lung after intratracheal, and in the gastrocnemius 

muscle after intramuscular injection of the VEGFC mRNA-LNP compared to control 

solution. Quantification of histology slides stained with LYVE1 and Podoplanin 

lymphatic specific markers showed significant increase in the number of lymphatic 

vessels (Figure 8). 

 

Figure 8 Administration of VEGFC mRNA-LNPs Into Variable Organs Induces 

Local Lymphatic Growth in Diaphragm, Lung and Gastrocnemius Muscle in Mice 

in Vivo. “Monitoring the effect of 1 µg locally injected Poly(C) or VEGFC mRNA-LNPs 

on lymphatic growth in Prox1GFP mice in the diaphragm 22 days after intraperitoneal 

injection, in the lungs 22 days after intratracheal treatment, and in the musculus 

gastrocnemius 22 days after intramuscular injection. Quantitative data for number of the 

lymphatics are shown as mean and SEM of Poly(C) or VEGFC mRNA-LNP-injected 

organs of 3 mice in each group. Asterisks indicate P < 0.05 compared with control (two-

tailed, unpaired T-test, diaphragm: P = 0.0354 for 3 mice, lung: P = 0.0222 for 3 mice, 

two-tailed, paired T-test m. gastrocnemius: P = 0.0145 for 3 mice).” [I] 

We performed the so called EdU proliferation assay. EdU (5-ethynyl-2′-deoxyuridine) is 

a thymidine analogue so it incorporates into DNA of proliferating cells. EdU was 

administered 5 days after Poly(C) or VEGFC mRNA-LNP treatment of animals, then 

they were terminated 24 hours thereafter. EdU+ and LYVE1+ proliferating lymphatic 

endothelial cells and the mitotic index were quantified and calculated from 

immunohistochemistry images of paraffin-based sections. The number and percentage of 

EdU positive nuclei of lymphatic endothelial cells were increased in ears injected with 

1 µg of VEGFC mRNA-LNP compared to the Poly(C) mRNA-LNP injected ones shown 

by fluorescent and confocal microscopy (Figure 9). 
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Figure 9 Administration of VEGFC mRNA-LNPs Induces Local Lymphatic 

Proliferation in Mice in Vivo. “(a–b) Assessment of lymphatic proliferation 5 days after 

intradermal injection with 1 µg of Poly(C) or VEGFC mRNA-LNPs. EdU staining and 

anti-LYVE1 immunostaining of slides processed by paraffin-based histology (bars, 

50 µm) shown by widefield (a) and confocal imaging (b). Arrows indicate EdU and 

LYVE1 double positive lymphatic endothelial cell nuclei. Representative images of 3 

ears of 3 mice in each group are shown. (c) Number of EdU positive lymphatic endothelial 

cells (two-tailed, unpaired T-test, P = 0.0260 for 3 mice) and mitotic index (two-tailed, 

unpaired T-test, P = 0.0266 for 3 mice) are shown 5 days after intradermal injection with 

1 µg of Poly(C) or VEGFC mRNA-LNPs. Quantitative data for lymphatic proliferation 

are represented as mean and SEM from 3 injected ears of 3 mice in each group.” [I] 
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3.4. No Adverse Effect Was Observed After VEGFC mRNA-LNP Injection 

To assess the possible side effects of VEGFC mRNA-LNP injection, we performed 

further experiments. First, we examined the possible off target effects in other organs. 

Second, we assessed blood vessel growth. Third, immune response was investigated. 

For organ specificity studies, Prox1GFP transgenic mice – where lymphatic endothelial 

cells express GFP – were injected with Poly(C) or VEGFC mRNA-LNP into the ears. 

The injected ears, contralateral ears, lungs and small intestines of Prox1GFP animals were 

collected 22 days after injection, and GFP+ cells were quantified using flow cytometry. 

Significant increase in the number of GFP+ cells was found in the injected organ, but no 

difference was observed in other organs (Figure 10). 

 

Figure 10 Administration of VEGFC mRNA-LNPs Results in Organ-Specific 

Effects in Vivo. “Monitoring the effect of intradermal injection into ears of Prox1GFP 

mice with 5 µg of Poly(C) or VEGFC mRNA-LNPs shown by flow cytometry analysis. 

5 µg of Poly(C) or VEGFC mRNA-LNPs were intradermally injected into the ear. 

Injected and non-injected ears, lungs, and small intestines were harvested and digested 

into single cell suspension. Quantitative data for GFP positive cell number are represented 

as mean and SEM from Poly(C) or VEGFC mRNA-LNP-injected ears, non-injected ears, 

non-injected lungs, and non-injected small intestines of 4 mice in VEGFC mRNA-LNP 

group and 3 mice in the control group 22 days after mRNA-LNP injection (two-tailed, 

unpaired T-test for injected ears of Poly(C) RNA-LNP injected vs VEGFC mRNA-LNP 

injected mice P = 0.0402, two-tailed, unpaired T-test for contralateral non-injected ears 

of Poly(C) RNA-LNP injected vs. VEGFC mRNA-LNP injected mice P = 0.4006, two-

tailed, unpaired T-test for lungs of Poly(C) RNA-LNP injected vs VEGFC mRNA-LNP 

injected mice P = 0.3168, two-tailed, unpaired T-test for small intestines of Poly(C) RNA-

LNP injected vs VEGFC mRNA-LNP injected mice P = 0.1252). Asterisks indicate 

P < 0.05 compared with control.” [I] 
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As it was reported in previous studies, the virus vector-based administration of proteins 

can result in significant immune response and blood vessel proliferation [103, 104]. In 

contrast, one study showed no significant immune response after nucleoside modified 

mRNA-LNP injection [79]. Therefore, we examined the possible side effects of the 

VEGFC mRNA-LNP system such as, blood vessel proliferation or immune cell 

infiltration. 

To examine the possible blood vessel proliferation, Poly(C) or VEGFC mRNA-LNP was 

injected into ears of mice. We found no significant difference in the number of blood 

vessels between Poly(C) RNA-LNP and VEGFC mRNA-LNP injected groups shown by 

CD31 (cluster of differentiation 31) and vWF (von willebrand factor) immunostaining 22 

days after injection. CD31 is present on both lymphatics and blood vessels for it is a 

panendothelial marker. vWF can only be detectable on blood endothelial cells thus 

antibodies against it stain only blood vessels. In contrast, the increase of lymphatic vessel 

number was present as shown by LYVE1 and Podoplanin immunostaining (Figure 11a 

and b). 

To assess the possible immune cell infiltration, previously Poly(C) or VEGFC mRNA-

LNP treated ears of Prox1GFP mice were digested, then flow cytometry analysis was made 

against LYVE1 – to assess lymphatic endothelial cell number – or different immune cell 

specific markers such as: CD45 (cluster of differentiation 45) for all immune cells, 

Ly6G/C ((lymphocyte antigen 6 complex locus G6D/C) (GR1 (GPI-linked myeloid 

differentiation marker 1)) for neutrophil granulocytes, CD206 (cluster of differentiation 

206) for macrophages and dendritic cells, CD3 (cluster of differentiation 3) for T cells, 

B220 (B cell marker 220) for B cells, and CD11b (cluster of differentiation 11b) for 

monocytes and many other immune cells. We made certain that we show only CD11b+ 

Ly6G/C- cells hence neutrophils are not gated again. There were significantly more 

lymphatic endothelial cells in the VEGFC mRNA-LNP treated ears compared to the 

controls, but there was no significant difference when the number of any assessed immune 

cells were compared (Figure 12). 
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Figure 11 Administration of VEGFC mRNA-LNPs Results in No Blood Vessel 

Proliferation. “(a) 1 µg of Poly(C) or VEGFC mRNA-LNPs was intradermally injected 

into the ear of C57BL/6 mice and the growth of blood and lymphatic vessels were 

examined 22 days after the injection. Representative images of anti-CD31, anti-LYVE1, 

anti-Podoplanin, and anti-vWF stained paraffin-embedded ear samples are shown of 5 

mice in each group (bars, 25 µm (anti-CD31, anti-LYVE1), 50 µm (anti-Podoplanin, anti-

vWF)). Yellow arrows indicate LYVE1 positive lymphatic vessels, white arrows indicate 

CD31 positive and LYVE1 negative blood vessels. (b) The number of vWF high and 

LYVE1 negative blood vessels was determined 22 days after the administration of 1 µg 

of Poly(C) or VEGFC mRNA-LNPs. Data are represented as mean and SEM from slides 

of ears of 10 mice per group (two-tailed, paired T-test, P = 0.6344 for 10 mice).” [I] 
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Figure 12 VEGFC mRNA-LNP Injection Results in No Significant Immune 

Response Activation. “Monitoring the effect on lymphatic endothelial cells and immune 

cells after intradermal injection of 1 µg of Poly(C) or VEGFC mRNA-LNPs into ears of 

Prox1GFP mice shown by flow cytometry analysis. Quantitative data for LYVE1+ , 

CD45+, Ly6G/C+, CD206+, CD3+, B220+, CD11b+ and Ly6G/C- cell numbers are 

represented as mean and SEM from Poly(C) or VEGFC mRNA-LNP-injected ears of 5–

7 mice in each group, 22 days after mRNA-LNP injection (two-tailed, unpaired T-test, 

P = 0.0450 for LYVE1+ for 5 mice injected with Poly(C) and for 5 mice injected with 

VEGFC mRNA-LNP, P = 0.5365 for CD45+ for 5 mice injected with Poly(C) and for 6 

mice injected with VEGFC mRNA-LNP, P = 0.1689 for Ly6G/C+ and CD45+ for 5 mice 

injected with Poly(C) and for 6 mice injected with VEGFC mRNA-LNP, P = 0.7211 for 

CD206+ for 5 mice injected with Poly(C) and for 5 mice injected with VEGFC mRNA-

LNP, P = 0.8947 for CD3+ for 6 mice injected with Poly(C) and for 7 mice injected with 

VEGFC mRNA-LNP, P = 0.7748 for B220+ for 6 mice injected with Poly(C) and for 7 

mice injected with VEGFC mRNA-LNP and P = 0.6922 for CD11b+ Ly6G/C- for 5 mice 

injected with Poly(C) and for 6 mice injected with VEGFC mRNA-LNP comparing cell 

number).” [I]  
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3.5. Newly Grown Lymphatic Vessels Induced by VEGFC mRNA-LNP Are Fully 

Functional 

Although our results show that lymphatic vessels induced by VEGFC mRNA-LNP 

appear to have normal morphology, we performed a number of additional experiments to 

examine the functionality of these newly formed lymphatic vessels. 

70 kDa (kilodalton) Rh-D (Rhodamine-dextran) is a specific and efficient tool to examine 

lymphatic function. The interstitially injected macromolecules can be taken up and 

transported by lymphatics but not by the blood vessels. Thus, we injected fluorescently 

labeled macromolecules to make lymphatic function visible. 

In our experiments Poly(C) RNA-LNP was injected to one and VEGFC mRNA-LNP to 

the contralateral ear of Prox1GFP mice. 70 kDa Rhodamine-dextran was injected into both 

ears 22 days after the treatment. Fluorescent images were made by stereo microscopy. 

The green signal of Prox1GFP and the magenta signal of the macromolecules were 

overlapping which indicated that the lymphatic vessels took up and transported the 

macromolecules (Figure 13). 

 

 

Figure 13 Administration of VEGFC mRNA-LNPs Stimulates Active Lymphatic 

Function. “Monitoring active lymphatic function in the ears of Prox1GFP mice after 

intradermal injection of 1 µg of Poly(C) or VEGFC mRNA-LNPs. Twenty-two days after 

treatment, 70 kDa Rh-D was injected into the ear and the transport of the molecule was 

monitored by fluorescent microscopy 60 min post Rh-D administration. Representative 

images are shown of 10 injected mouse ears per group, figures on the right are zoomed 

in images (bars, 1000 µm left, 385 µm right). Arrows indicate Prox1-GFP positive and 

Rh-D positive lymphatic vessels.” [I]  
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3.6. Application of an in Vivo Genetic Model to Induce Experimental Lymphedema in 

Mice  

To examine the effect of VEGFC mRNA-LNP injection on lymphedema and demonstrate 

the proof-of-concept in a disease model we set up the Flt4-CreERT2; iDTRfl/fl in vivo 

genetic mouse model in which Diphtheria Toxin injection results local deletion of 

lymphatic vessels and development of lymphedema.  

Thickening and swelling of the paws and elevation of clinical score peaked 8 days after 

the first Diphtheria Toxin injection and this effect was present until up to 60 – in the case 

of clinical score – and to 75 days – in the case of width – post injection (Figure 14a). To 

examine the histological changes specific to secondary lymphedema, we stained sections 

prepared from treated limbs with Hematoxylin and Eosin which showed the increase of 

fibroadipose area in Diphtheria Toxin treated paws (Figure 14b, c). Fluorescent 

immunohistochemistry against lymphatic vessel specific markers such as, LYVE1 and 

Podoplanin showed the elimination of lymphatics 30 days after injection, and 

significantly lower number of lymphatics even after 75 days (Figure 15).  

Functional analysis was performed by the injection of 70 kDa Rhodamine-dextran into 

the hind limbs of previously PBS (phosphate buffered saline) or Diphtheria Toxin treated 

animals. 30 and 75 days after injection mean fluorescent intensity of the popliteal lymph 

nodes showed decreased showing decreased uptake of the tracer molecule in the 

Diphtheria Toxin treated hind limb, while the signal was detectable in the popliteal region 

of the PBS treated animals. Quantification of the data showed significant reduction of the 

popliteal fluorescent signal in Diphtheria Toxin injected animals compared to PBS 

injected ones 30 and 75 days after the treatment (Figure 16). 

Taken together, the presented results indicated that experimental secondary lymphedema 

was effectively developed in the Flt4-CreERT2; iDTRfl/fl mouse model.  
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Figure 14 Diphtheria Toxin Induces Experimental Secondary Lymphedema 

Development in Flt4-CreERT2; iDTRfl/fl Mice. “(a) Monitoring paw thickness and paw 

clinical score in tamoxifen-treated Flt4-CreERT2; iDTRfl/fl mice after treatment with PBS 

or Diphtheria toxin. Quantitative data are represented as mean and SEM for paw thickness 

and median and IQR (interquartile range) for clinical score (two-tailed, paired T-test for 

paw thickness P = 4.21*10−12 on day 8 for 16 mice, P = 5.05*10−6 on day 16 for 14 mice, 

P = 1.62*10−5 on day 30 for 18 mice, P = 0.0008 on day 60 for 13 mice, and P = 0.0112 

on day 75 for 4 mice. Two-tailed Wilcoxon signed-rank test for clinical score 

P = 3.05*10−5 on day 8 for 16 mice, P = 0.0002 on day 16 for 14 mice, P = 6.10*10−5 on 

day 30 for 18 mice, P = 0.0020 on day 60 for 13 mice, and P > 0.9999 on day 75 for 4 

mice). (b) Hematoxylin and Eosin staining of the paws of Flt4-CreERT2; iDTRfl/fl 

tamoxifen-treated mice 30 and 75 days after treatment with PBS or Diphtheria toxin. 

Representative images are shown of 5 mouse paws per group (bars, 200 µm). (c) Paw 

fibroadipose area of tamoxifen-treated Flt4-CreERT2; iDTRfl/fl mice 30 and 75 days after 

intradermal paw injection with PBS or Diphtheria toxin. Quantitative data are represented 

as mean and SEM (two-tailed, paired T-test, P = 0.0469 on day 30 for 4 mice and 

P = 0.0172 on day 75 for 3 mice). Asterisks indicate P < 0.05 compared with control.” [I] 
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Figure 15 Diphtheria Toxin Eliminates Lymphatics Flt4-CreERT2; iDTRfl/fl Mice. 

“(a) Representative images of anti-LYVE1 and anti-Podoplanin immunostaining of the 

paws of Flt4-CreERT2; iDTRfl/fl tamoxifen-treated mice 30 and 75 days after treatment 

with PBS or Diphtheria toxin. Representative images are shown of 4–5 mouse paws in 

each group (bars, 50 µm). Arrows indicate LYVE1 and Podoplanin double positive 

lymphatic vessels. (b) Number of lymphatic vessels of tamoxifen-treated Flt4-CreERT2; 

iDTRfl/fl mice 30 and 75 days after intradermal paw injection with PBS or Diphtheria 

toxin. Quantitative data are represented as mean and SEM from 4–5 mouse paws in each 

group (two-tailed, paired T-test, P = 0.0319 after 30 days for 4 mice and P = 0.0434 after 

75 days for 5 mice). Asterisks indicate P < 0.05 compared with control. All cell nuclei are 

labeled with DAPI (blue) in paraffin-embedded tissues.” [I]  

 

  

a 

b 
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Figure 16 Administration of Diphtheria Toxin into the Paws of Tamoxifen-Treated 

Flt4-CreERT2; iDTRfl/fl Animals Reduces Lymphatic Function as the Result of 

Secondary Lymphedema Development. “(a) Monitoring active lymphatic function in 

the contralateral hind limbs of the same tamoxifen-treated Flt4-CreERT2; iDTRfl/fl mouse 

30 or 75 days after intradermal injection of PBS into one paw and Diphtheria toxin into 

another paw. 70 kDa Rh-D was injected into the paws and the transport of the molecule 

was monitored by fluorescent microscopy 90 min post Rh-D administration. 

Representative images are shown of 5–6 mouse hind limbs in each group. (bars, 

1000 µm). Green rectangles show the magnified area which represent the area of popliteal 

lymph nodes. (b) Fluorescent intensity of popliteal lymph node of tamoxifen-treated Flt4-

CreERT2; iDTRfl/fl mice 30 and 75 days after intradermal paw injection with PBS or 

Diphtheria toxin. 70 kDa Rh-D was injected into the paws and the transport of the 

molecule was monitored by fluorescent microscopy 90 min post Rh-D administration. 

Quantitative data are represented as mean and SEM in 5–6 popliteal lymph nodes in each 

group (two-tailed, paired T-test, P = 4.51*10−5 after 30 days for 6 mice and P = 0.0421 

after 75 days for 5 mice). Asterisks indicate P < 0.05 compared with control.” [I]  
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3.7. VEGFC mRNA-LNP Reverses Lymphedema in an in Vivo Genetic Mouse Model 

After the development and setup of the genetic secondary lymphedema mouse model, 1 

µg of Poly(C) or VEGFC mRNA-LNP was injected 8 days after the first Diphtheria Toxin 

injection of the paws. Paw thickness and clinical score of the lymphedema were 

significantly reduced 30, 60 and 75 days after the first Diphtheria Toxin injection (Figure 

17a). 

Histological analysis showed that fibroadipose area, which is a sign of secondary 

lymphedema, was also reduced after VEGFC mRNA-LNP injection compared to control 

(Figure 17b, c). Immunohistochemistry against LYVE1 and Podoplanin lymphatic vessel 

markers showed significant increase in the number of lymphatic vessels (Figure 18). 

Functional analysis was performed by the injection of 70 kDa fluorescently labeled 

Rhodamine-dextran into the previously Poly(C) or VEGFC mRNA-LNP injected paws, 

that were previously treated with Diphtheria Toxin. Mean fluorescent intensity of the 

popliteal lymph nodes increased showing increased uptake of the tracer molecule in the 

VEGFC mRNA-LNP treated hind limb, while only minimal signal could be detected in 

the popliteal region of the Poly(C) mRNA-LNP treated animals. Quantification of the 

data showed significant growth of the popliteal fluorescent signal in VEGFC mRNA-

LNP treated animals compared to Poly(C) RNA LNP injected ones (Figure 19). 

In summary, VEGFC mRNA-LNP is an effective rescue therapy after Diphtheria Toxin 

injection in the genetic secondary lymphedema mouse model. Therefore, these findings 

demonstrate a proof of concept for VEGFC mRNA-LNP being an excellent tool to induce 

functional lymphatic vessel growth, and to reverse experimental lymphedema. 
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Figure 17 VEGFC mRNA-LNP Treatment Reverses Experimental Lymphedema. 

“(a) Monitoring paw thickness and clinical score in Diphtheria toxin and tamoxifen-

treated Flt4-CreERT2; iDTRfl/fl mice intradermally injected with 1 µg of Poly(C) or 

VEGFC mRNA-LNPs. Data are represented as mean and SEM for paw thickness and box 

shows median and 25th to 75th percentiles, and whiskers show 10th–90th percentiles for 

clinical score (two-tailed, paired T-test, for paw thickness P = 0.0090 on days 30 for 31 

mice, P = 0.0053 on day 60 for 25 mice and P = 0.0082 on day 75 for 15 mice. Two-tailed 

Wilcoxon signed-rank test for clinical score P = 0.0050 on day 30 for 31 mice, P = 0.0278 

on day 60 for 25 mice, and P = 0.0469 on day 75 for 15 mice). (b) Hematoxylin and Eosin 

histology of the paws of tamoxifen-treated Flt4-CreERT2; iDTRfl/fl mice 30 and 75 days 

after treatment with Diphtheria toxin and 1 µg of Poly(C) or Diphtheria toxin and 1 µg of 

VEGFC mRNA-LNPs intradermally. Poly(C) or VEGFC mRNA-LNPs were injected 8 

days after Diphtheria toxin treatment. Representative images are shown of 5 mouse paws 

in each group (bars, 200 µm). (c) Paw fibroadipose area of tamoxifen-treated Flt4-

CreERT2; iDTRfl/fl mice 30 and 75 days after treatment with Diphtheria toxin and 1 µg of 

Poly(C) or Diphtheria toxin and 1 µg of VEGFC mRNA-LNPs. Poly(C) or VEGFC 

mRNA-LNPs were injected 8 days after Diphtheria toxin treatment. Quantitative data are 

represented as mean and SEM (two-tailed, paired T-test, P = 0.0001 on day 30 for 9 mice 
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and P = 0.0047 on day 75 for 8 mice). Asterisks indicate P < 0.05 compared with control.” 

[I] 

 

 

Figure 18 VEGFC mRNA-LNP Treatment Regrew Lymphatics Effectively in 

Secondary Lymphedema Mouse Model. “(a) Anti-LYVE1, anti-Podoplanin 

immunofluorescent histology of the paws of tamoxifen-treated Flt4-CreERT2; iDTRfl/fl 

mice 30 and 75 days after treatment with Diphtheria toxin and 1 µg of Poly(C) or 

Diphtheria toxin and 1 µg of VEGFC mRNA-LNPs. Poly(C) or VEGFC mRNA-LNPs 

were injected 8 days after Diphtheria toxin treatment. Representative images are shown 

of 5 mouse paws in each group (bars, 50 µm). Arrows indicate LYVE1 and Podoplanin 

double positive lymphatic vessels. (b) Number of lymphatic vessels of tamoxifen-treated 

Flt4-CreERT2; iDTRfl/fl mice 30 and 75 days after the paw treatment with Diphtheria toxin 

and 1 µg of Poly(C) or Diphtheria toxin and 1 µg of VEGFC mRNA-LNPs. Poly(C) or 

VEGFC mRNA-LNPs were injected 8 days after Diphtheria toxin treatment. Quantitative 

data are represented as mean and SEM in 7–11 mouse paws in each group (two-tailed, 

paired T-test, P = 0.0024 after 30 days for 11 mice and P = 0.0008 after 75 days for 7 

mice). Asterisks indicate P < 0.05 compared with control. All cell nuclei are labeled with 

DAPI (blue) in paraffin-embedded tissues.” [I] 

  

b 
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Figure 19 VEGFC mRNA-LNP Treatment Restores Lymphatic Function in 

Experimental Lymphedema. “(a) Monitoring active lymphatic function in the 

contralateral hind limbs of the same tamoxifen-treated Flt4-CreERT2; iDTRfl/fl mouse 30 

or 75 days after the injection of Diphtheria toxin and 1 µg of Poly(C) into one paw and 

Diphtheria toxin and 1 µg of VEGFC mRNA-LNPs into the contralateral paw. Poly(C) 

or VEGFC mRNA-LNPs were injected 8 days after Diphtheria toxin treatment. 70 kDa 

Rh-D was injected into the paws and the transport of the molecule was monitored by 

fluorescent microscopy 90 min post Rh-D administration. Representative images are 

shown of 5-7 mouse hind limbs in each group (bars, 1000 µm). Green rectangles show 

the magnified area which represent the area of popliteal lymph nodes. (b) Fluorescent 

intensity of popliteal lymph nodes of tamoxifen-treated Flt4-CreERT2; iDTRfl/fl mice 30 

and 75 days after the injection of Diphtheria toxin and 1 µg of Poly(C) into one paw and 

Diphtheria toxin and 1 µg of VEGFC mRNA-LNPs into another paw. Poly(C) or VEGFC 

mRNA-LNPs were injected 8 days after Diphtheria toxin treatment. 70 kDa Rh-D was 

injected into the paws and the transport of the molecule was monitored by fluorescent 

microscopy 90 min post Rh-D administration. Quantitative data are represented as mean 

and SEM in 5–7 popliteal lymph nodes in each group (two-tailed, paired T-test, 

P = 0.0425 after 30 days for 5 mice and P = 0.0373 after 75 days for 7 mice). Asterisks 

indicate P < 0.05 compared with control.” [I] 
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3.8. Newborn Clp1K/K Mice Are Cyanotic, Show Signs of Respiratory Failure, and Die 

Shortly After Birth   

In the next series of experiments, we set up and examined the Clp1K/K transgenic mouse 

model to assess organ-specific lymphatic function in the developing lung.  

First, we set up timed mating between heterozygous adult animals.  Embryos were 

removed from their mother by performing cesarean section at E19.5 (embryonic day 

19.5). The genotype for the Clp1 gene was verified with allele specific polymerase chain 

reaction (PCR).  

Then, we examined newborn Clp1K/K mice and their viability and ability to breath. We 

found that Clp1K/K newborns were cyanotic and died shortly after birth, while control 

animals survived the intervention (Figure 20). 

 

Figure 20 Clp1K/K Newborns Develop Respiratory Failure, and Die After Birth. 

Appearance of newborn Clp1+/+ and Clp1K/K littermates on a C57BL/6 genetic 

background. Representative images are shown of 15–19 embryos from six litters. [II] 
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3.9. Clp1K/K Late Gestation Embryo Performs Less FBMs  

Fetal breathing movements develop in late gestation mouse embryos and can be observed 

with ultrasound although this technique has great limitations [58]. 

We performed cesarean section in anesthetized mice, and removed the uterus from the 

abdomen. Then, we observed the movements of the embryos with ultrasound, and 

measured the number of fetal breathing movements during a 2-minute-long period.  

We found that E18.5 Clp1+/+ and Clp1K/+ control embryos performed 2.67 ± 1.12 FBMs 

in 2 minutes (mean and SEM) (five out of six control embryos performed FBMs), while 

no FBM was found in one Clp1K/K embryo with normal heart activity. The diaphragm of 

the control animals slid, while the one of the Clp1K/K embryos did not move (Figures 21, 

22). There were 2 other litters at E18.5 which (control and non-control embryos overall) 

showed no FBM activity. Therefore, these animals were excluded from the study.  

Collectively, our data indicate that Clp1K/K is a great genetic mouse model to study the 

role of FBMs and its physiologic effects on lymphatic vessels.  

Later in our article, we showed that late gestation Clp1K/K embryos display reduced 

prenatal lymphatic function, and impaired lung expansion represented as thickened 

alveolar septae and reduced alveolar area. These findings suggest a possible mechanism 

that FBMs, similarly to breathing movements after birth, stimulate prenatal lymphatic 

function in pulmonary collecting lymphatics lacking smooth muscle coverage to prepare 

the developing lung for inflation and gas exchange at birth. [II]  
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Figure 21 Representative Ultrasound Images of Late Gestation Clp1K/+ Control 

Embryo at E18.5. Clp1K/+ embryos performed FBMs. FBMs can be seen as the 

movement of the diaphragm. Images were taken by a Visualsonics Vevo 3100 imaging 

system, MX400 linear transducer with 30 MHz, 55 fps, B mode. [II] 
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Figure 22 Representative Ultrasound Images of Late Gestation Clp1K/K Embryo at 

E18.5. Clp1K/K embryo did not perform FBMs. The diaphragm did not move. Images were 

taken by a Visualsonics Vevo 3100 imaging system, MX400 linear transducer with 30 

MHz, 55 fps, B mode. [II] 
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4. Discussion 

Recently, more and more different functions of the lymphatics were discovered. We 

realized that lymphatic anatomy and function vary in different organs. Therefore, it is 

important to study the organ-specific physiologic and pathophysiologic role of lymphatics 

in different organs and different diseases. First, we studied stimulated lymphatic function 

in the skin in secondary lymphedema. Second, we set up a model to examine absent fetal 

breathing movements and its effects on lymphatic function in the developing lung of 

newborn mice.  

The nucleoside-modified mRNA-LNP platform is a new therapeutic approach which was 

used in recent years for vaccine development, protein therapy, and gene editing in many 

studies. This approach showed to be safe and effective. Moderna and Pfizer/BioNTech 

developed vaccines based upon this system during the COVID-19 pandemic, and these 

vaccines demonstrated the safety and efficacy of the platform [77, 87-90, 105-107]. 

In our study, we showed that nucleoside modified VEGFC mRNA-LNP induces VEGFC 

protein expression in vivo and lymphatic vessel growth effectively in various organs in 

mice. The lymphatic vessel growing effect lasted for 60 days. The newly formed 

lymphatic vessels had typical morphology and demonstrated normal lymphatic function. 

In previous studies, viral vector-based VEGFC delivery resulted in lymphatic endothelial 

cell proliferation in some cases, but these cells were unable to form functional lymphatic 

vessels [22, 23]. After setting up a genetic lymphedema mouse model, we also 

demonstrated that only a single dose of VEGFC mRNA-LNP can effectively stimulate 

lymphatic growth and reverses lymphedema. This effect was present even 75 days after 

the treatment.  

This study reports the first time using the mRNA-LNP platform to induce lymphatic 

vessel growth and examine its effects on lymphedema. Two other methods were used for 

VEGFC protein delivery before: direct injection of recombinant VEGFC protein, and 

expression of VEGFC in vivo via virus-vector delivery [7, 11, 22, 61-73]. The mRNA-

LNP platform has several advantages over these two systems such as, simple production, 

lack of integration into the host genome, no anti-vector immunity, highly controllable 

administration by dosage and localization, long lasting protein production, and the lack 

of strong inflammation.  
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Our experiments showed that VEGFC protein expression and also lymphatic growth 

occurred only at the injection site, and there was no detectable lymphatic growth in other 

organs. These results indicate that VEGFC mRNA-LNP had only local effect.  

Another possible side effect could have been the induction of blood vessel proliferation. 

Previous studies showed that VEGFC protein induces lymphatic vessel growth only, but 

VEGFD induces both lymphatic and blood vessel proliferation [104, 108]. Our results 

showed no significant blood vessel growth. 

Previous studies showed that VEGFC is a chemoattractant for monocytes and 

macrophages [109, 110]. We found no significant increase in the number of immune cells 

when injected with VEGFC mRNA-LNP compared to control.  

To investigate the effects of VEGFC mRNA-LNP on lymphedema, we rigorously tested 

a Diphtheria-toxin inducible genetic secondary lymphedema mouse model. We examined 

changes in paw thickness, clinical score of the disease, fibroadipose area, and lymphatic 

function. First, we set up and examined the FLT4-CreERT2; iDTRfl/fl secondary 

lymphedema mouse model. In this model lymphatic vessels were deleted, lymphedema 

developed and lasted up to 75 days after Diphtheria-toxin injection. Increased 

fibroadipose area was seen and we detected dramatically reduced lymphatic drainage to 

the regional lymph node in the Diphtheria-toxin injected limbs. Lymphedema 

development and lymphatic vessel deletion occurred only on the injection site and no 

systemic effect or obvious side effect was seen. Our findings were similar to the previous 

studies of Gardenier et al. In their series of experiments, lymphedema was developed after 

Diphtheria Toxin injection, which peaked at 7 days after injection. They found complete 

ablation of lymphatic vessels one week after Diphtheria Toxin injection at the injection 

site. Disrupted lymphatic function was also assessed by this research group [47]. These 

findings are all in accordance with our results.  

A single dose administration of 1 µg VEGFC mRNA-LNP into limbs, in which previously 

lymphedema was induced, resulted in paw thickness, clinical score, and fibroadipose area 

reduction. New lymphatic vessels developed after the injection. Importantly, VEGFC 

mRNA-LNP treatment not only resulted in lymphatic vessel formation but the lymphatic 

function was also restored. This functioning lymphatic network was able to transport the 

macromolecules from the paws to the popliteal lymph nodes 30 and 75 days after disease 

induction.  
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These findings show, that the VEGFC mRNA-LNP platform can be a therapeutic agent 

for patients suffering from lymphedema. A viral vector VEGFC delivery platform 

(Lymfactin) is currently studied in clinical trial (Phase II, NCT03658967) in the treatment 

of secondary lymphedema [68, 111]. Adenovirus based systems have known side effects, 

including unspecific immune responses and host genome integration. The mRNA-LNP 

platform might be a safer alternative method for protein therapies, than viral vector 

delivery methods in the future. Although, our results are promising and we saw no 

obvious adverse effects, further studies are needed in the future, such as large animal 

studies before clinical application. 

In our other set of experiments, we examined fetal breathing movements in a Clp1K/K 

embryo and breathing in newborns right after birth. Clp1K/K CLP1 kinase-dead mice were 

used which lose the innervation of skeletal muscle and therefore are paralyzed from E16.5 

gestational age [102]. 

We found that Clp1K/K newborns were cyanotic after birth and died shortly. This occurred 

because of no effective respiratory muscle movements, so these newborns died in 

respiratory failure.   

Lately, Niblock et al. showed that FBMs occur not only in large animals, but also in mice 

which was previously not noticeable, most likely because of anesthesia [58, 112]. The 

authors themselves affirmed that examination of pregnant mice with ultrasound without 

anesthesia is very challenging and has several difficulties. First, the pregnant female has 

to be still during the whole process, but anesthesia itself affects the FBMs. Then, 

thermoregulation of the female has to be solved. Another problem is that embryos – unlike 

newborns – do not regularly breathe, so the examiner has two opportunities to capture 

and examine FBMs. They either examine the embryo for a long time, which is time 

consuming, or stimulate FBMs and capture them at the exact moment. 

Another challenge is that the Clp1K/K homozygous mutation is lethal. Thus, the breeding 

of this genotype cannot be achieved with homozygous parents. Mice have numerous 

embryos in a single litter, therefore the distinction between embryos is extremely difficult, 

while the uterus is inside the abdomen of the mother. Due to the previously mentioned 

challenge, the genotype of the embryos must be verified by PCR. Therefore, a section on 

the abdominal skin of the mother was performed followed by the externalization of the 

uterus. That way, tail samples could be collected from the exact embryos for PCR and the 
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captured recording could be paired with the samples, after the ultrasound examination 

was performed on all embryos. However, this method presented another challenge, as the 

ultrasound videos had to be recorded rapidly to prevent the effect of cooling on the FBMs. 

Despite the difficulties we found that the Clp1K/K embryo performed no FBMs in the 

examined period of time, while we detected FBMs when examined Clp1+/+ or Clp1K/+ 

control embryos. 

These findings indicate that Clp1K/K embryos are great genetic models for examining the 

roles of FBMs and its effects on lymphatic anatomy and function. It has great potential to 

research the role of FBMs on the lymphatic vessels in the developing lung. Later in our 

article we showed that lymphatic anatomy is altered and lymphatic function is decreased 

in Clp1K/K embryos. We are willing to stimulate FBMs of late gestation mouse embryos, 

and examine organ specific lymphatic function in future studies.  
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5. Conclusions 

- We described a novel application of the nucleoside-modified mRNA-LNP therapeutic 

platform as an effective protein delivery system to trigger lymphangiogenic VEGFC 

expression. 

- We showed that the administration of a single low dose of VEGFC mRNA-LNPs 

induces durable, organ-specific lymphatic growth, and formation of fully functional new 

lymphatic vessels. 

- We designed and evaluated a novel gain of function approach for identifying the organ-

specific physiological and pathophysiological roles of the lymphatic system. 

- We showed that the nucleoside-modified VEGFC mRNA-LNP platform is effective in 

reversing disease progression in an experimental lymphedema mouse model by inducing 

the formation of a functional lymphatic network. 

 

- We showed that Clp1K/K transgenic newborn mice are cyanotic, cannot breathe 

effectively, and die shortly after birth due to respiratory failure.  

- We developed and applied an ultrasound-based technique to detect fetal breathing 

movements during the late gestation period in mice despite numerous technical 

challenges. Our results indicate that Clp1K/K embryos might perform less fetal breathing 

movements compared to controls.   
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6.  Summary 

Novel roles of the lymphatic system were identified lately and made us realize that 

lymphatic vessels vary in an organ specific manner. In this study, we wanted to identify 

the organ specific functions of the lymphatics in the skin in lymphedema and in the lungs 

in respiratory adaptation of the newborn. Lack or dysfunction of the lymphatics in the 

skin leads to secondary lymphedema. There is no definitive treatment for lymphedema, 

only symptomatic relief. Lately, new organ specific functions of the lymphatics were 

identified in the developing lung. Newborn mice look cyanotic, die shortly after birth in 

respiratory failure in mouse models with disturbed lymphangiogenic factors. 

To examine the organ-specific role of lymphatics in the skin, we wanted to develop an 

mRNA-LNP based tool to stimulate lymphatic function and used it in a secondary 

lymphedema mouse model in the skin. To study the role of organ-specific function of 

lymphatic vessels in the developing lung, we aimed to test whether the absence of late 

gestation FBMs have an impact on respiratory failure of the newborn and on lymphatic 

morphology and function in the lung. 

We developed and produced nucleoside-modified murine VEGFC mRNA encapsulated 

in LNPs to stimulate lymphatic growth and function. We showed that VEGFC mRNA-

LNPs induced organ-specific lymphatic growth without obvious adverse effects. 

Importantly, VEGFC mRNA-LNP treatment reversed experimental lymphedema in a 

secondary lymphedema mouse model. In the next series of experiments, we showed that 

Clp1K/K transgenic mice cannot survive after birth and one showed no fetal breathing 

movements in utero. Later, we demonstrated that the lack of FBMs results in reduced 

lymphatic function. (Data will be shown in another PhD thesis.)  

Collectively, we revealed new mechanisms and understand now better organ-specific 

functions of the lymphatic system after we described two different mouse models in 

lymphedema in the skin and in respiratory failure of the newborn in mice. We presented 

that nucleoside-modified mRNA-LNP platform stimulates lymphatic growth and 

function. We found that stimulation of lymphatic function can be advantageous in 

secondary lymphedema. Furthermore, we developed an excellent model to examine the 

role of FBMs in lung development and lymphatic function.  

In general, these findings indicate that stimulation of the lymphatic function in various 

organs can help us better understand different functions of the lymphatic system and 

develop new therapeutic approaches in the future.  
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