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1. Summary 

Metabolic dysfunc1on-associated steato1c liver disease (MASLD) is a metabolic disorder that 

affects more than 30% of the general popula1on worldwide and has a steadily increasing 

prevalence. It is characterized by the build-up of fat in the liver and can lead to inflamma1on, 

cirrhosis, and finally hepatocellular carcinoma. The loss of fenestrae in liver sinusoidal 

endothelial cells (LSECs) is an event occuring in early stages of MASLD, preceding inflamma1on. 

LSECs line the smallest hepa1c blood vessels and are characterized by small pores called 

fenestrae, which are suggested to allow the bi-direc1onal exchange of lipoproteins between 

hepatocytes and blood.  

Here we present the secreted protein semaphorin-3A (SEMA3A) as part of a mechanism 

regula1ng LSEC fenestrae, and thus as a poten1al contributor to early development of MASLD. 

In vitro we showed that culture dependent loss of fenestra1ons, cell contrac1on, and energy 

deple1on do not impair fenestrae analysis in our short-termed experiments. Further, we 

developed a deep learning workflow which allows us to count and measure fenestrae in a quick 

and unbiased manner. Regarding the mechanism of ac1on, we iden1fied neuropilin-1 (NRP1) 

as the main receptor of SEMA3A in LSECs, and, by using kinase ac1vity profiling, found two 

ac1vators of LIM domain kinase 1 (LIMK1), a kinase which phosphorylates and thus inac1vates 

cofilin-1. Further, we found that phosphoryla1on of cofilin-1 via LIMK1 is crucial for SEMA3A-

induced defenestra1on in LSECs. Treatment of LSECs with palmi1c acid showed visible effects 

on the F-ac1n cytoskeleton and induced SEMA3A transcrip1on, while SEMA3A itself was able 

to increase the F-/G-ac1n ra1o in LSECs. In vivo we were able to demonstrate the suitability of 

male db/db mice, i.e. obese and diabe1c mice, as a viable model for defenestra1on in the 

seYng of early hepa1c steatosis. Lastly, short-term inhibi1on of SEMA3A-binding to NRP1 in 

db/db mice only slightly affected hepa1c steatosis, while long-term gene1c interven1on via 

inducible endothelial cell-specific dele1on of Sema3a in diet-induced obesity (DIO)-mice 

resulted in reduced macrovesicular steatosis, increased very low-density lipoprotein (VLDL) 

secre1on and tenden1ally increased fenestrae frequency.  

In summary, our data show how saturated fa\y acids and DIO induce changes in the LSEC 

phenotype via SEMA3A by manipula1on of the F-ac1n cytoskeleton, while a knock-out of 

Sema3a in the endothelium results in decreased hepa1c lipid accumula1on and increased 

fenestrae numbers. Thus, SEMA3A represents a poten1al therapeu1c target for the treatment 

and preven1on of MASLD. 
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2. Zusammenfassung 

Die Metabolische Dysfunk*ons-assoziierte steato*sche Lebererkrankung (MASLD) ist eine 

Stoffwechselstörung, die weltweit über 30% der Allgemeinbevölkerung betrii und deren 

Prävalenz ste*g zunimmt. Sie ist durch eine Ansammlung von FeG in der Leber 

gekennzeichnet und kann zu Entzündungen, Zirrhose und letztendlich zum 

Leberzellkarzinom führen. Ein frühes, jedoch kontrovers disku*ertes Ereignis bei mehreren 

Lebererkrankungen, einschließlich MASLD, ist der Verlust von Fenestrae in den 

Lebersinusoid Endothelzellen (LSECs). LSECs kleiden die kleinsten Blutgefäße der Leber aus 

und sind durch kleine Poren gekennzeichnet, die Fenestrae genannt werden und vermutlich 

den bidirek*onalen Austausch von Lipoproteinen zwischen Hepatozyten und Blut 

ermöglichen, wodurch sie potenziell zum hepa*schen FeGstoffwechsel beitragen.  

Hier stellen wir das sekre*erte Protein Semaphorin-3A (SEMA3A) als Teil eines 

Mechanismus vor, der LSEC-Fenestrierung reguliert und damit möglicherweise zur 

Entwicklung von MASLD beiträgt. In vitro zeigten wir, dass innerhalb einer kurzen 

Kul*vierung der LSECs weder der kulturabhängige Verlust von Fenestrae noch 

Zellkontrak*on oder Energieverlust die Analyse der Fenestrae beeinträch*gt. Außerdem 

haben wir einen Deep-Learning-Workflow entwickelt, der es uns ermöglicht Fenestrae 

schnell und unvoreingenommen zu zählen und zu messen. Bezüglich des Wirkmechanismus 

haben wir Neuropilin-1 (NRP1) als den Hauptrezeptor von SEMA3A in LSECs iden*fiziert und 

durch Kinase-Ak*vitätsprofiling zwei Ak*vatoren von LIM domain kinase 1 (LIMK1) 

gefunden, einer Kinase, die Cofilin-1 phosphoryliert und somit inak*viert. Darüber hinaus 

fanden wir heraus, dass die Phosphorylierung von Cofilin-1 durch LIMK1 entscheidend für 

die SEMA3A-induzierte Defenestrierung in LSECs ist. Die Behandlung von LSECs mit 

Palmi*nsäure zeigte sichtbare Effekte auf das F-Ac*n-ZytoskeleG und induzierte die 

Transkrip*on von SEMA3A, während SEMA3A in der Lage war, das F-/G-Ac*n-Verhältnis in 

LSECs zu erhöhen. In vivo konnten wir zeigen, dass männliche db/db-Mäuse, also 

diabe*sche und übergewich*ge Mäuse, ein geeignetes Modell für die Defenestrierung im 

Rahmen einer frühen Lebersteatose sind. Weiterhin wirkte sich die kurzfris*ge Hemmung 

der Bindung von SEMA3A an NRP1 bei db/db-Mäusen nur geringfügig auf die hepa*sche 

Steatose aus, während eine langfris*ge gene*sche Interven*on durch induzierbare 

endothelzellspezifische Dele*on von Sema3a bei Mäusen mit einer Diät-induzierten 
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Adipositas (DIA) zu einer Verringerung der makrovesikulären Steatose und des 

Körpergewichts sowie zu einer deutlichen Zunahme der VLDL-Sekre*on und einem 

tendenziellen Ans*eg der Fenestrae-Häufigkeit führte.  

Zusammenfassend zeigen unsere Daten, dass gesäegte FeGsäuren und DIA über SEMA3A 

durch Manipula*on des F-Ak*n-ZytoskeleGs Veränderungen des LSEC-Phänotyps 

induzieren, während ein Knock-out von Sema3a im Endothel zu einer verringerten 

hepa*schen Lipidakkumula*on und einer erhöhten Anzahl von Fenestrae führt. Daher ist 

SEMA3A ein potenzielles therapeu*sches Ziel für die Behandlung und Präven*on von 

MASLD.  
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3. Introduc.on 

3.1. Liver 

The human liver is located in the upper right abdomen and has several vital func*ons such 

as protein and lipid metabolism, clearance of blood-borne waste, and the storage of 

glycogen1-3. Blood is supplied by the portal vein, which supplies approximately 75% of the 

hepa*c blood flow and provides nutrient-rich and oxygen-poor blood, and the hepa*c 

artery, which supplies approximately 25% of the hepa*c blood flow, providing oxygen-rich 

and nutrient-poor blood4. During organogenesis the liver is derived from the anterior part 

of the defini*ve endoderm and the septum transversum, though it has also been suggested 

that the pro-epicardial mesenchyme is required for normal hepa*c development5,6. Further, 

the liver has a remarkable regenera*ve capacity7. 

Macroscopically, the liver is divided into lobes, while microscopically, it is organized into 

hepa*c lobules, which are the structural and func*onal units of the liver8. The lobules 

consist of hepatocytes, a central vein, lympha*c vessels, and the portal triad, which itself is 

compromised of the hepa*c artery, the portal vein, and a bile duct8. With six portal triads 

around the central vein, the lobules are given a hexagonal shape (Figure 1), whereas a 

triangular subunit of the hexagon is called acinus8. Due to this structural organisa*on, 

different oxygena*on zones within the acini exist9,10. Zone one, being closest to the portal 

triad, receives the most oxygenated blood, while zone three, being closest to the central 

vein, receives the least oxygenated blood9. Depending on the zone, hepatocytes are 

specialized differently; in zone one hepatocytes perform tasks such as gluconeogenesis and 

b-oxida*on, while in zone three glycolysis and lipogenesis take place9,11,12. 

The four main cell types of the livers are the hepatocytes, liver sinusoidal endothelial cells 

(LSECs), Kupffer cells (KC), and hepa*c stellate cells (HSC) (Figure 2)5. Hepatocytes are the 

parenchymal cells of the liver and responsible for detoxifica*on, immune cell ac*va*on, 

protein synthesis, glycogen storage and gluconeogenesis, and the lipid metabolism1,13,14. 

Addi*onally, they secrete bile into the bile canaliculi, small tubular structures between 

adjoining hepatocytes, which eventually transport the bile to larger bile ducts and the 

gallbladder (Figure 2)15. There, the bile is stored and concentrated, and, when triggered by 

the inges*on of food, released through the common bile duct into the duodenum16,17. The 
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primary task of bile is to ease the diges*on of lipids by aiding the dispersion of large lipid 

droplets into smaller micelles, ul*mately increasing lipid absorp*on16. Furthermore, bile is 

the main excre*on route for bilirubin, which is a degrada*on product of hemoglobin16,18.  

 

Figure 1. Liver architecture. 
Here, the liver with its blood supply (upper le4) and the hepa8c lobules (upper right) in their hexagonal arrangement are 
shown. The dashed outline shows where, within the hexagon, the hepa8c lobule shown in further detail (bo@om) is 
located. Together, the bile duct, portal vein, and hepa8c artery compromise the portal triad. The direc8on of the blood 
flow is indicated by the white arrows. Illustrated by Sydney Balkenhol, modified from Ficht et al.19 
 

LSECs line the smallest blood vessels of the liver, the sinusoids20. LSECs will be described in 

further detail in the chapter Liver sinusoidal endothelial cells. KCs, also known as Kupffer-

Browicz cells, are *ssue-resident macrophages in the liver, located within the lumen of the 

liver sinusoids and can be aGached to LSECs21-23. As KCs are part of the innate immune 

response, their main task is to remove debris and bacteria from the bloodstream as well as 

apopto*c cells22,23. In response to infec*on and/or inflamma*on, KCs produce large 

amounts of inflammatory cytokines, oxygen radicals, and tumour necrosis factor alpha 

Liver sinusoidal endothelial cells

Hepatic vein

Hepatic artery
Portal vein

Bile duct

Central vein
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Lymphatic
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(TNF-a)21,22. Other than monocyte-derived macrophages, KCs have a certain regenera*ve 

capacity, which allows the KC popula*on in the liver to be held constant24.  

HSCs are pericytes which have long protrusions wrapping around the sinusoids25,26. HSCs 

are localized in-between LSECs and hepatocytes, called space of Disse (Figure 2), named 

aDer the German anatomist Joseph Disse27. Under healthy, physiological condi*ons HSCs 

are in a quiescent stage in which they primarily store vitamin A28,29. Alterna*ve roles during 

quiescence have not yet been indubitably proven, but some research aGributes HSCs an 

an*gen-presen*ng role28. Further, HSCs are reac*ve towards endothelial-derived 

endothelin-1 (ET-1) and nitric oxide (NO) which can result in either contrac*on or 

relaxa*on30. As a consequence HSCs can constrict and regulate the capillary blood flow to 

a certain extend30. Upon liver injury, regardless of the trigger being infec*on, drugs, or liver 

diseases, HSCs convert into their ac*ve form, i.e. smooth muscle ac*n-expressing 

contrac*le myofibroblasts26,31. In their ac*ve state HSCs release vast amounts of 

extracellular matrix (ECM) proteins such as collagen type 1, and can contract more 

strongly26. If this state is permanent, the deposi*on of collagen scar *ssue, i.e. fibrosis, can 

result in cirrhosis32.  

 

 

Figure 2. Liver cell types.  
Here, the four main cell types of the liver and their loca8on within the hepa8c lobules (le4) are shown schema8cally. From 
the hepa8c artery (HA) and portal vein (PV), blood flows towards the central vein (CV) via the sinusoids. The sinusoids are 
lined by the liver sinusoidal endothelial cells which have fenestrae that allow a bi-direc8onal exchange of molecules 
between the blood flow and the hepatocytes. Inbetween liver sinusoidal endothelial cells and hepatocytes, i.e. the space 
of Disse, hepa8c stellate cells are located. Situated in the lumen of the liver sinusoids are Kupffer cells. Between the 
hepatocytes are the bile canaliculi, which collect the bile produced by hepatocytes and channels it into larger bile ducts. 
Illustrated by Sydney Balkenhol, inspired by Ficht et al.19 
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As previously men*oned, the liver has a remarkable regenera*ve capacity7,33. It is the only 

visceral organ that, upon removal of up to 70% of its volume, can fully regenerate in a 

rela*vely short *me span34. This is due to hepatocytes having a nearly unlimited 

regenera*ve capability which has been shown by several liver recoloniza*on models7. 

During regenera*on, certain growth factors have been shown to play a major role such as 

hepa*c growth factor (HGF), epidermal growth factor receptor (EGFR), and most recently, 

myeloid-derived growth factor (MYDGF)35,36. 

In summary, the liver is a mul*-func*onal organ, which is important for several physiological 

func*ons and harbours an extraordinary regenera*ve capacity. 

 

3.1.1. Mouse versus human liver 

The liver to body weight ra*o scales propor*onally in mammals and is therefore the same 

in mice as in humans37. Structurally, in humans the liver lobes are divided into the leD, right, 

quadrate, and caudate lobe, while in mice the lobes are divided into the leD, right, median, 

and caudate lobe38-40 . Both human and mice have a gallbladder, while rats, which belong 

to the same subfamily (murinae) as mice, do not have one41.  

Func*onally, the livers in mice and humans are fundamentally congruent, however, there 

are major differences regarding liver disease progression42. Even though mice are the most 

commonly used animal model for liver diseases, which is due to their availability and cost-

efficiency, there are major differences regarding gene regula*on in the liver, suscep*bility 

towards certain diseases as well as disease progression43. In one study a hepa**s B drug 

candidate resulted in the death of five individuals during a clinical trial, while mice, dogs 

and monkeys were not suscep*ble towards the hepatotoxic effect of the drug44. Further, a 

compara*ve transcriptomics analysis of mouse and human livers revealed that many genes 

and biological pathways exhibit species-specific regula*on in the seeng of hepa*c 

steatosis44. To be able to translate therapeu*cal studies with mice to humans, it is crucial 

to be aware of the differences and similari*es between mice and humans, and any studies 

should be interpreted with great care42,43.  

In summary, while the mouse and human liver share most func*onal and structural aspects, 

they differen*ate considerably regarding their gene regula*on and during liver disease 

progression.  
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3.1.2. Lipid metabolism 

Upon the inges*on of food, lipid droplets are dispersed by bile into micelles, which are 

broken down further into monoglycerides and faGy acids by the pancrea*c lipase45. 

Monoglycerides and faGy acids are then absorbed by enterocytes in the small intes*ne, 

recombined into triglycerides (TGs), and transported with cholesterols in the form of 

chylomicrons or chylomicron remnants to the adipose *ssue and the hepatocytes via the 

bloodstream46. During transporta*on, and in proximity to adipose and muscle *ssue, 

lipoprotein lipase (LPL) hydrolyses TGs into free faGy acids which can then be absorbed by 

muscle cells and adipocytes47. This process results in the conversion of chylomicrons into 

chylomicron remnants, which are small enough to pass through fenestrae in the liver48. The 

subsequent uptake of faGy acids is facilitated by faGy acid transport proteins (FATP) and 

cluster of differen*a*on 36 (CD36)49. CD36 specifically assists with the uptake of long-chain 

faGy acids and is regulated by peroxisome proliferator-ac*vator receptor gamma (PPARg), 

a receptor func*oning as a transcrip*on factor, regula*ng faGy acid storage and glucose 

metabolism50,51. Due to their hydrophobic nature, faGy acids cannot move freely in the 

cytosol but need to be transported by faGy acid binding proteins (FABP)52. FABP1, which is 

the prevalent isoform in the liver, aids the storage, transporta*on, and u*liza*on of faGy 

acids and also affects expression of peroxisome proliferator-ac*vator receptor alpha 

(PPARa) which can induce the transcrip*on of faGy acid oxida*on-related genes53,54. 

In order to be exported again, stored faGy acids are turned into very low-density lipoprotein 

(VLDL) par*cles55. To this end, TGs and cholesterol esters are relocated to apolipoprotein 

(Apo) B-100, which is mediated by microsomal triglyceride transfer protein (MTTP) and 

takes place in the endoplasmic re*culum (ER)46,56. Depending on the number of TGs 

present, the resul*ng VLDL par*cle varies considerably in size1. Upon reaching full maturity 

aDer passing through the Golgi apparatus, the VLDL par*cle is secreted back into the 

bloodstream57. 

If stored faGy acids are oxidized, they are transported to the mitochondria, peroxisomes, or 

the ER where either b- or w-oxida*on takes place1. Both are the process of breaking down 

faGy acids into acetyl-CoA, however, b-oxida*on takes place in the mitochondria and the 

peroxisome while w-oxida*on takes place in the ER1,58. PPARa can induce expression of 

genes needed for faGy acid oxida*on (FAO) such as pyruvate dehydrogenase kinase 4 
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(PDK4), acyl-CoA oxidase 1 (ACOX1), and carni*ne palmitoyltransferase 1 (CPT1), resul*ng 

in ATP genera*on but also large amounts of reac*ve oxygen species (ROS), which can induce 

oxida*ve stress59,60. FAO usually occurs upon long periods of fas*ng and is necessary for the 

process of ketogenesis61.  

De novo lipogenesis on the other hand can be triggered by hyperinsulinemia and/or a diet 

rich in carbohydrates and low in fat62,63. Here, faGy acids are synthesized from acetyl-CoA 

subunits and undergo a series of elonga*on and esterifica*on steps un*l they are either 

stored or secreted as VLDL par*cles1. Those processes are regulated by two main 

transcrip*on factors: carbohydrate regulatory element-binding protein (ChREBP) and sterol 

regulatory element-binding protein (SREBP) 1c64. As the name suggests, ChREBP is ac*vated 

by carbohydrates, while SREBP1c is ac*vated downstream of the insulin pathway64,65. 

Increased de novo lipogenesis has been found to occur in the seeng of obesity and 

MASLD1,66. 

Taken together, the liver is the major site for the lipid metabolism, with lipid import and de 

novo lipogenesis increasing hepa*c TG levels, and VLDL export and b-/w-oxida*on 

decreasing hepa*c TG levels. 

 

3.2. Liver sinusoidal endothelial cells 

LSECs are specialized endothelial cells which line the liver sinusoids20. They have several 

func*ons including regula*on of the blood flow, scavenging of blood borne waste, and 

ensuring HSC quiescence67. LSECs make up only 3% of the liver volume, yet they account 

for 15-20% of the total liver cell popula*on68. LSECs can release different vasodila*ng 

agents, such as NO, upon shear stress through ac*va*on of endothelial nitric oxide synthase 

(eNOS), and the transcrip*on factor Kruppel-like factor 2 (KLF2)67. KLF2 reduces 

vasoconstric*ve agents such as ET-1, which, just like NO, can exert an effect on HSC, keeping 

them in a non-vasoconstric*ve, quiescent state67. As long as LSECs are differen*ated, they 

prevent HSC ac*va*on, a point which is further described in LSECs in diseases69.  

On their surface, LSECs express several endocytosis and scavenger receptors, such as 

stabilin-1 and -2, which both allow for extremely rapid internaliza*on of waste molecules, 

making them part of the re*culoendothelial system and innate immune response70,71. LSECs 
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are also able to perform clathrin-mediated endocytosis, allowing them to clear 

macromolecular waste from the blood72.  

Another noteworthy feature of LSECs is that they do not have a basal lamina which allows 

direct access of solutes into the space of Disse70. This feature, however, is lost during 

dedifferen*a*on, e.g. during liver disease or aging, where a basal lamina is generated70. 

The most dis*nc*ve characteris*c of LSECs are the fenestrae, small pores which are 

suggested to allow the bi-direc*onal exchange of metabolites, lipids, and other solutes73,74. 

They are, depending on the species, between 50-200 nm in diameter, and highly dynamic 

structures75,76. Fenestrae are organized into sieve plates, which usually consist of 10-100 

fenestrae74,77.  

Under normal condi*ons, LSECs regenerate either through self-renewal or residen*al 

sinusoidal endothelial cell progenitors (RSECP), which make up 1-7% of the LSEC 

popula*on78. Upon acute liver injury, LSECs regenerate from two different cell popula*ons: 

RSECP and bone-marrow derived LSECs1,79. In the seeng of par*al hepatectomy, the 

prolifera*on and mobiliza*on of bone-marrow derived LSECs doubled, displaying their 

major contribu*on to liver regenera*on67,79. 

In conclusion, fenestrated LSECs are crucial for HSC quiescence and the bi-direc*onal 

exchange of molecules, and their ability to clear blood borne waste plays an important role 

in the innate immune response.  

 

3.2.1. Fenestrae 

Fenestrae are essen*al structures for the filtering of blood and the bi-direc*onal exchange 

of metabolites between the bloodstream and the hepatocytes. In the past decades, 

fenestrae have also been suggested to be essen*al for the uptake and secre*on of       

lipids80-83. Fenestrated endothelial cells are present in the liver, bone marrow, spleen and 

par*ally in the brain84.  

Fenestrae are present in most mammals, but also in fish and birds85,86. Their size varies 

strongly; rabbits are reported to have the smallest fenestrae on average, with 55-64 nm, 

while humans and baboons have the largest fenestrae with 50-300 nm and 92-116 nm, 

respec*vely87. 
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Several substances and factors, both exogenous and endogenous, are known to have an 

effect on fenestrae number and size. Alcohol for example, both acute and chronic, increases 

the diameter of fenestrae, while chronic abuse decreases their number87. Nico*ne on the 

other hand decreases both number and diameter, linking chronic smoking with 

atherosclerosis74,87,88. Fraser et al. showed that the uptake of cholesterol, a rela*vely large 

lipid, depends on the size of fenestrae88. Therefore, they postulated that nico*ne, via 

reduc*on of fenestrae diameter, promotes atherosclerosis83,88. Serotonin, adrenalin, and 

ET-1 also reduce the fenestrae diameter, while acetylcholine, prostaglandin E1, and 

endotoxin increase the diameter87,89. Further, fas*ng has also been shown to increase 

fenestrae diameter90. On the other hand, events such as hepatectomy, low temperature 

(4°C), and hepa*c steatosis, have been suggested to decrease fenestrae number87.  

Essen*ally, fenestrae are structures of the cytoskeleton, surrounded by a fenestrae-

associated cytoskeleton ring, consis*ng of ac*n and myosin91,92. Braet and Wisse have 

conducted several studies inves*ga*ng how fenestrae are formed. They found the so-called 

fenestrae-forming centre (FFC) which is a dynamic structure and moves within a sieve plate, 

entailing the forma*on of mul*ple fenestrae87,92. The process of fenestrae forma*on has 

been proposed to begin with the clearance of small cytosolic areas and re-organiza*on of 

the ac*n cytoskeleton87,93. Subsequently, a circular microridge forms as opposite 

membranes start to move closer together un*l membrane fusion occurs and ul*mately a 

fenestra is formed93. In the past years, spectrin, an ac*n cross-linking scaffold protein, and 

lipid raDs have emerged as important structures for fenestrae maintenance and loca*on of 

fenestrae forma*on77,94. In 2014 it has been suggested that plasmalemma vesicle 

associated protein (PLVAP) facilitates pore forma*on since Plvap-deficient mice had low 

sinusoidal porosity, however, in 2019 another research group found no difference between 

Plvap-deficient and wildtype mice, sugges*ng that further research is needed to classify its 

role in fenestrae forma*on81,95,96.  

In general, fenestrae are highly dynamic structures, a circumstance that has been 

extensively inves*gated by Zapotoczny et al. via atomic force microscopy (AFM)76,94,97. Here 

they showed that the average life span of fenestrae is 20 minutes, whereas some fenestrae 

only appear for 2 minutes and others for over an hour97. Apparently, some fenestrae can 

also close and reappear97. Moreover, they were able to detect the FFC as described by Wisse 

et al97. Besides AFM and structured illumina*on microscopy (SIM), the only other methods 
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to image fenestrae in live cells are s*mulated emission deple*on (STED) microscopy and 

direct stochas*c op*cal reconstruc*on microscopy (dSTORM)75,98,99. Due to their extremely 

small size, imaging fenestrae in vivo is currently impossible75. 

 

 
Figure 3. Fenestrae structure in LSECs.  
3D cross-sec8on of an LSEC. A ring of filamentous ac8n (F-ac8n) is located around each fenestrae, and spectrin, bound 
and unbound, stabilizes them. Illustrated by Sydney Balkenhol, inspired by Szafranska et al.95 
 
 
The exact mechanisms behind fenestrae forma*on are not fully understood yet, however 

four main hypotheses, as outlined by Szafranska et al., have been put forward; 

(de)polymeriza*on of ac*n regulates fenestrae number, calcium ions regulate fenestrae 

diameter, fenestrae are located in between lipid draDs, and spectrin is involved in the 

opening and closing of fenestrae (Figure 3)95. Fenestrae are known to be affected by several 

liver diseases and loss of fenestrae has been stated as a defini*ve pre-cursor of HSC 

ac*va*on67,100. The exact factors behind dedifferen*a*on of LSECs during diseases remain 

elusive, but Hammoutene et al. have suggested that excessive dietary macronutrients, 

including lipids, carbohydrates, and gut microbiota-derived products play a role82. Besides 

different liver diseases, aging is a long-known cause of loss of fenestrae101,102. The smaller 

size and lower number of fenestrae in older people is presumably an important factor in 

age-related atherosclerosis and other comorbidi*es103-105.  

In summary, fenestrae are dynamic structures of the cytoskeleton, and their size and 

number can be changed by several factors, however, the precise mechanisms have not yet 

F-actin

Spectrin (bound)

Spectrin (unbound)

Fenestrae
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been fully elucidated. Addi*onally, fenestrae are important for the exchange of small 

molecules between the bloodstream and the hepatocytes. 

  

3.3. Metabolic dysfunc7on-associated steato7c liver disease 

In February 2024 the term non-alcoholic faGy liver disease (NAFLD) was re-termed into 

metabolic dysfunc*on-associated steato*c liver disease (MASLD) as this term more 

proficiently stresses the impact of the oDen-underlying metabolic disease rather than 

poin*ng to the fact that alcohol abuse is not the cause106-108. Risk factors for MASLD include 

obesity, type 2 diabetes mellitus (T2D), and the metabolic syndrome109,110. By defini*on, 

steatosis is present when the liver consists of more than 5% intrahepa*c fat110. When 

steatosis and inflamma*on coincide, metabolic dysfunc*on–associated steatohepa**s 

(MASH, previously termed non-alcoholic steatohepa**s) sets in, eventually followed by 

fibrosis, cirrhosis, and hepatocellular carcinoma (HCC)111,112. More than 30% of the world’s 

popula*on suffers from MASLD, however, this number strongly varies depending on the 

country113. It has been es*mated that the prevalence of MASLD will reach 55.7% in 2040, 

with the greatest overall and rela*ve increase in China114,115.  

Many studies inves*gated the influence of ethnicity and race on the prevalence and 

development of MASLD116,117. Based on a report in 2021 the Hispanic popula*on in North 

America had the highest MASLD prevalence with 37%, followed by the non-Hispanic white 

popula*on with 29.3%, while the non-Hispanic black popula*on had the lowest prevalence 

of 24.7%106,117. Addi*onally, a muta*on in pata*n-like phospholipase domain-containing 

protein 3 (PNPLA3), which is associated with a higher risk for MASLD, is more common in 

the Hispanic popula*on113. There are also significant differences between the sexes 

regarding the development of MASLD118,119. Specifically, 22-42% of men are es*mated to 

be affected compared to only 13-24% of premenopausal women120. Reasons for the 

differences are poorly understood, however, female hormones such as estrogens are 

thought to have a protec*ve effect by regula*ng lipid metabolism, suppressing 

inflamma*on, and promo*ng hepatocellular regenera*on120,121. 

In summary, the prevalence of MASLD has been steadily increasing over the past decade. 

Further, the male, Hispanic popula*on is more affected than the female, non-Hispanic 

popula*on. 
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3.3.1. Development of MASLD 

Besides obesity, T2D, and the metabolic syndrome being known risk factors (Figure 4), there 

are also people which develop steatosis due to severe undernutri*on, common in certain 

ea*ng disorders and famine-related malnutri*on122. This has been suggested to be due to 

an increased expression of genes associated with de novo lipogenesis and glucose 

metabolism abnormali*es122. Furthermore, there are people who are neither over- nor 

underweight, who do not suffer from T2D and s*ll develop hepa*c steatosis123.  

Other than the circumstances of diet and exercise, there are certain gene*c factors that can 

have a significant impact on the severity of MASLD development124,125. The most known is 

PNPLA3, which is a lipid droplet-associated protein and helps to regulate both lipogenesis 

and lipolysis126. A single nucleo*de subs*tu*on results in an increased risk for hepa*c 

steatosis, MASH, and fibrosis117. Further, a missense muta*on in transmembrane 6 

superfamily 2 (TM6SF2), a lipid transporter whose ac*vity is required for VLDL secre*on, 

increases the risk of MASLD by 35% and results in severe hepa*c steatosis117. Lastly, an 

inac*va*ng muta*on in membrane-bound O-acyltransferase domain containing 7 

(MBOAT7), an enzyme which is important for phospholipid remodelling, is associated with 

an increased severity of hepa*c steatosis117.  

Simple steatosis, i.e. benign accumula*on of fat in the liver, does not necessarily entail liver 

damage and usually does not result in discomfort or other symptoms that might be no*ced 

by pa*ents127-129. The best method to determine the presence and grade of steatosis is a 

biopsy, however, this is a highly invasive procedure and might also yield wrong results as 

steatosis can oDen be unevenly distributed110,130. Alterna*vely, non-invasive methods can 

be used to determine the presence of hepa*c steatosis, whereas MRI-derived proton 

density fat frac*on (MRI-PDFF) is currently the non-invasive method with the highest 

diagnos*c accuracy131,132. Furthermore, several blood serum parameters, such as alanine 

aminotransferase (ALT) and aspartate aminotransferase (AST), can be measured, however 

a single factor as an undisputable determinant for MASLD has not yet been found133. The 

lack of simple, reliable, and non-invasive methods contributes to the fact that most cases 

of MASLD are detected in advanced stages134. An important vascular manifesta*on of early 

stages of MASLD is the defenestra*on, also called capillariza*on, of LSECs67,69,80,82,135,136.  
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When steatosis and inflamma*on coincide, MASH sets in (Figure 4)137. Upon long-term 

steatosis, hepatocytes store exceedingly large amounts of lipids and increase in size138-140. 

Over *me a phenomenon called hepatocyte ballooning is known to occur, where 

hepatocytes bulge out and push their nucleus closer to the cell membrane141. At a certain 

point, hepatocytes can reach their maximum storage capacity and induce apoptosis, an 

event which releases damage-associated molecular paGerns (DAMPs), extracellular vesicles 

(EVs), and harmful lipids142. Upon this event, the macrophages of the liver, the KC, are 

aGracted and release copious amounts of inflammatory cytokines142,143. Common cytokines 

are TNF-a, interleukin 6 (IL-6), the chemokine (C-C mo*f) ligand 2 (CCL2), as well as the 

inflamma*on marker high-sensi*vity C-reac*ve protein (hs-CRP)144. Those exacerbate 

hepatocyte damage and promote inflamma*on143. Based on Day and James the progression 

of hepa*c steatosis, the first hit, to MASH requires the involvement of certain factors, such 

as gene*c, epigene*c, and dietary factors, called the second hit, a proposi*on which has 

been termed the two-hit hypothesis145. This hypothesis has been renamed into the 

mul*ple-hit hypothesis, which now includes mul*ple factors ac*ng alongside each other 

and also includes factors such as insulin resistance, gut microbiota, and hormone secre*on 

from adipose *ssue146. Both hypotheses, however, agree on the fact that certain factors 

have to coincide in order for simple steatosis to turn into steatohepa**s145,146. With regard 

to the whole body, inflamma*on of the liver is associated with a rise in cor*sol levels and 

enlarged periportal lymph nodes147,148.  

Upon liver injury caused by steatohepa**s, HSC can be ac*vated by several different 

factors, such as dedifferen*ated, i.e. capillarized, LSECs and/or osteopon*n80,136. 

Osteopon*n is a secreted phosphoprotein which is usually found in the bile duct epithelium 

and known to be a key player in the process of HSC ac*va*on149-152. In the seeng of fibrosis, 

osteopon*n acts as a chemoaGractant for neutrophils and macrophages in necro*c 

areas149. Osteopon*n also acts as a cytokine further promo*ng fibrosis, yet factors 

regula*ng osteopon*n expression are incompletely understood149. In the seeng of liver 

injury, osteopon*n expression is induced and increased in hepatocytes, KCs and HSCs 

themselves, resul*ng in a vicious cycle of HSC ac*va*on and further increased osteopon*n 

expression149,151. Addi*onally, osteopon*n directly upregulates collagen-I produc*on by 

ac*va*ng high-mobility group box-1 (HMGB1) in HSCs151.  
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Figure 4. MASLD Progression.  
The healthy liver is characterized by inac8ve HSCs and li@le to no lipid accumula8on. Steatosis can be caused by 
dyslipidaemia, insulin resistance, obesity, the metabolic syndrome, and is characterized by the forma8on of lipid droplets. 
The progression to steatohepa88s can be triggered by oxida8ve stress, mitochondrial dysfunc8on, apoptosis, and 
proinflammatory cytokine ac8va8on, and is usually accompanied by HSC ac8va8on and macrophage infiltra8on. Persistent 
HSC ac8va8on, advanced cellular damage, and forma8on of scar 8ssue can then result in fibrosis and cirrhosis153. With 
ongoing inflamma8on, the resistance to cell death in cancer cells, and induc8on of oncogenes, hepatocellular carcinoma 
(HCC) can arise154. Created with BioRender.com. 
 
 
Short-term ac*va*on of HSCs and the subsequent forma*on of scar *ssue may be 

reversible, and thus might not lead to serious health effects155,156. However, the longer ECM 

produc*on perseveres, the more scar *ssue is produced157. At a certain point, severe 

fibrosis is termed cirrhosis, with fibro*c bands, parenchymal nodules, and vascular 

distor*on (Figure 4)158. Cirrhosis poses serious long-term health effects such as portal 

hypertension, liver cell dysfunc*on and progression to HCC159-161. There is a large amount 

of research solely focussed on discovering drugs which halt or even reverse the process of 

fibrosis, however, to this day no approved an*-fibro*c drug is available in the European 

market, making liver transplanta*on the only viable op*on162,163. Approximately 15% of 

people in need of a transplant die before matching a donor, and, according to the global 

observatory on dona*on and transplanta*on, transplanta*on only covers 10% of the global 

need164,165. While approximately 20% of people progress from MASLD to MASH, 34-42% 

progress from MASH to fibrosis. Over *me, 15% progress from fibrosis to cirrhosis, and from 

there 2.4-12.8% will develop HCC166-169. HCC is currently the leading cause for liver 

transplanta*on, however, as aforemen*oned, the demand for liver transplants does not 
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match the availability164,165. An alterna*ve is the removal of the cancerous *ssue; however, 

only 5-10% of HCC are suitable for removal, and the recurrence rate is 50-60%170,171. HCC 

has very poor survival predic*ons, with the average prognosis being nine months in 

individuals with untreated HCC172. 

In conclusion, MASLD is a mul*factorial disease which develops over *me, and can result 

in simple steatosis but also more serious disease manifesta*ons such as cirrhosis and HCC. 

While simple steatosis is reversible and usually does not pose serious health effects, 

cirrhosis and HCC cause irreversible damage to the liver and have poor survival predic*ons. 

 
 

3.3.2. Treatment/IntervenAons for MASLD 

Several treatment op*ons for MASLD exist, depending on the stage of the disease. First, 

since approximately 75% of MASLD pa*ent have T2D, there are diabe*c, insulin sensi*vity 

increasing, medica*ons1,153. Addi*onally, since many studies have shown that weight loss 

can oDen resolve hepa*c steatosis, lifestyle interven*ons such as a change of diet and 

exercise are oDen recommended173. Since 2022 the weight loss drug *rzepa*de (brand 

name: Mounjaro) is widely used to induce weight loss via glucagon-like pep*de-1 receptor 

(GLP-1R) and gastric inhibitory polypep*de receptor (GIP-R) agonism174. As of November 

2023, another GLP-1R agonist drug, semaglu*de (brand name: Ozempic) has been released 

and while *rzepa*de has stronger weight loss effects, semaglu*de has been shown to 

reduce cardiovascular risks associated with T2D175-177. 

Despite several drugs being currently under inves*ga*on regarding specifically targe*ng 

hepa*c steatosis, none have so far been approved. Since the full mechanics behind steatosis 

s*ll have to be determined, and MASLD is a mul*factorial disease, the development of new 

drugs is challenging. S*ll, there are several drugs in stage II and III trials which have 

promising results. One of them is vitamin E, which has been shown to improve AST and ALT 

levels, steatosis and to some extent fibrosis, however, more long-term studies are needed 

to ensure the overall safety of vitamin E supplementa*on178. Another promising treatment 

is obe*cholic acid, a farnesoid X receptor agonist, which has been shown to improve liver 

histology and ALT/AST levels via inhibi*on of inflammatory signalling and HSC ac*va*on179-

182. Further, in a phase III trial, a liver-directed, thyroid hormone receptor b-selec*ve 

agonist, i.e. resme*rom, was shown to resolve MASH in up to 29.9% of pa*ents while 
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improving fibrosis by at least one stage in 24.2%183. Since its administra*on also posed 

serious side effects, more long-term studies are required, however, in March 2024 it has 

been approved for use in the USA183,184.  

In sum, regardless of extensive research, there is s*ll a lack of liver-specific therapies/drugs 

which halt or even reverse the development of MASLD. 

 

3.3.3. LSECs in diseases 

LSECs are part of the innate immunity and mediate the immune response during acute and 

chronic liver diseases185. During early stages of MASLD, LSECs have been shown to lose their 

fenestrae, a process called capillariza*on, where they also develop a basement 

membrane135. The mechanism behind this process has not yet been elucidated, however, 

excessive amounts of lipids, carbohydrates, and gut microbiota-derived products are 

thought to be essen*al triggers82. Several hypotheses exist which explain how 

capillariza*on might lead to hepa*c steatosis, mostly focusing on the exchange of lipids 

through fenestrae: VLDL par*cles might not be able to leave the space of Disse, while 

chylomicron remnants may not be able to enter it1,80,81. Conversely, as chylomicron 

remnants are not able to reach the hepatocytes anymore, de novo lipogenesis may be 

ac*vated81. However, in order to be able to specifically, pharmaceu*cally target LSEC 

capillariza*on, the pathways behind the loss of fenestrae and their mediators need to be 

further inves*gated. 

At early stages of MASH, LSECs actually have an*-inflammatory proper*es, however, in 

more advanced stages they start to exhibit a pro-inflammatory phenotype, where they 

copiously express intracellular adhesion molecule 1 (ICAM1) and vascular cell adhesion 

molecule 1 (VCAM1), as well as TNF-a, IL-6, IL-1, and CCL280,186-188. Those mediators ac*vate 

neighbouring Kupffer cells and thus further promote progression from MASH to fibrosis187. 

Here, the crosstalk between LSECs and HSCs is crucial189. When LSECs capillarize and/or 

express pro-inflammatory cytokines, such as vascular adhesion protein 1 (VAP-1), they 

par*cipate majorly in HSC ac*va*on82. Upon their ac*va*on, HSCs differen*ate into 

myofibroblasts, producing large amounts of extracellular matrix compounds such as 

collagen, fibronec*n, and laminin29,190.  



Introduc.on  

 
 

19 

Advanced fibrosis can evolve to cirrhosis over *me, a seeng in which defenestrated LSECs 

contribute to portal hypertension136. Addi*onally, circula*ng endothelial progenitor cells 

s*mulate LSECs with vascular endothelial growth factor (VEGF) and platelet-derived growth 

factor (PDGF) which can induce migra*on of HSCs, vessel forma*on, and produc*on of 

collagen, ul*mately promo*ng disease progression187,191. Should cirrhosis progress to HCC, 

the expression of LSEC marker proteins, i.e. stabilin-1, stabilin-2, and lympha*c vessel 

endothelial hyaluronan receptor 1, starts to decrease192,193. On the other hand, expression 

of integrins increases, which allows cancer cells to adhere at a greater capacity194. Further, 

increased ICAM1 expression, which aids leukocyte adherence, promotes the infiltra*on of 

HCC136,142,194,195. Thus, LSEC dysfunc*on can greatly contribute to HCC progression and 

growth136.  

In summary, LSEC dysfunc*on during each stage of MASLD has a significant impact on 

disease progression and worsening. This makes LSECs an important target regarding the 

treatment of MASLD, as their phenotype can decide between a healthy and a diseased liver. 

 

3.4. The semaphorins 

3.4.1. Semaphorin protein family 

The semaphorin protein family consists of seven different classes, whereas classes 1 and 2 

are only found in invertebrates, classes 3-7 in vertebrates, and class V is only present in 

viruses (Figure 5)196. The first semaphorin to be discovered was semaphorin-1A (SEMA1A), 

which was originally named Fascilin IV, in the context of growth cone guidance in the 

grasshopper embryo in 1992197. While there are many differences among the groups, one 

thing they all have in common is the sema and the PSI (Plexin, semaphorin, and integrin) 

domain, the former being highly conserved among species and consis*ng of a conserved 

set of cysteine residues, forming mul*ple disulfide bonds which stabilize the structure196,198. 

The PSI domain is a cysteine-rich module found in several signalling molecules, including 

plexins, semaphorins, integrins, and aGrac*ns199. While some semaphorins are secreted, 

others have transmembrane domains, glycosylphospha*dylinositol (GPI) linkers, or 

thrombospondin type 1 repeats which act as membrane linkers196,200. Some groups also 

have a single C2-class immunoglobin (Ig)-like domain while others have a basic domain, 

consis*ng of several highly basic amino acids, which together with the sema domain is 
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important for receptor binding196,201. Each of the domains and combina*on thereof are 

important for their func*on and receptor binding abili*es196. 

 

 
Figure 5. The semaphorin protein family and their structures.  
Each class of semaphorins has a sema domain and a PSI domain. Classes 1 and 2 are only found in invertebrates, 3-7 in 
vertebrates, and V in viruses. While classes 2, 3, and V are secreted, the other classes are either membrane bound or 
linked. PSI = Plexin, semaphorin and integrin, Ig = Immunoglobin, GPI = Glycosylphospha8dylinositol. Illustrated by Sydney 
Balkenhol, inspired by Jiao et al. and Yazdani et al.196,202. 
 
 
One receptor family which all classes, except class 2, can bind to are the plexins203. Plexins 

also have a PSI domain and a sema domain which aids the binding to semaphorins204. While 

most classes can directly bind to plexins, class 3 semaphorins need a co-receptor, such as a 

neuropilin-1 (NRP1) or -2 (NRP2), which then recruits a class A or D plexin, forming a 

holoreceptor complex (Figure 6)205,206. In this complex, plexins are the signal transducing 

unit207. The only excep*on is SEMA3E, which can exert an effect by binding to plexin-D1 

directly as well as through NRP1208. Further, SEMA3A binds to NRP1 and plexin-A1-4, while 

SEMA3F binds to NRP2 and forms a complex with plexin-A3209. SEMA6D is addi*onally able 

to transduce a signal via VEGFR2 and SEMA7A can signal through a1b1 integrin                   

(Figure 6)196,209. 

In general, semaphorins are mul*func*onal proteins which have pleiotropic roles in several 

organs throughout embryogenesis and adulthood210,211. They regulate many processes 

which range from cell migra*on, angiogenesis, cell adhesion, apoptosis, and cytoskeleton 

organiza*on212. Their expression is crucial in early development of the nervous system and 

the heart and changes during matura*on213,214. Their expression paGerns can also change 
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in the seeng of diseases such as schizophrenia, Alzheimer’s, cancer, autoimmune disorders, 

and neurodegenera*ve diseases215,216. In those pathologies, semaphorins can act both as 

suppressors and promoters of the disease, again underlining their diverse 

func*ons202,215,217.  

To summarize, semaphorins are mul*func*onal proteins that are expressed in nearly every 

*ssue and their roles and intracellular downstream ac*ons are manifold. 

 

 
Figure 6. The semaphorins and their receptors.  
Here, selected semaphorin-receptor interac8ons are shown. SEMA3A binds to NRP1 which forms a holoreceptor complex 
with plexin-A1-4. SEMA3E on the other hand can transduce a signal by directly binding to plexin-D1, while SEMA4A binds 
to NRP1/2 first. SEMA4A and SEMA4D can also bind to type B plexins. SEMA6D can bind to plexin-A1 which then recruits 
VEGFR2. SEMA7A can bind to both α1β1 integrin and plexin-C1 to convey a signal. NRP1 = Neuropilin-1, VEGFR2 = Vascular 
endothelial growth factor receptor 2, PSI = Plexin, semaphorin, and integrin, Ig = Immunoglobin, GPI = 
Glycosylphospha8dylinositol, IPT = Ig-like, plexins, transcrip8on factors, VEGF = Vascular endothelial growth factor, PDZ = 
Post synap8c density protein (PSD95), drosophila disc large tumor suppressor (Dlg1), and zonula occludens-1 protein (zo-
1), GAP = GTPase-ac8va8ng proteins. Illustrated by Sydney Balkenhol, modified from Zhou et al.209. 
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3.4.2. Semaphorin-3A 

SEMA3A was first discovered in 1993 in the context of neuronal growth cone collapse in the 

brain of chickens, where it was ini*ally named collapsin218. It is a class 3 semaphorin, thus 

a secreted signalling molecule, and consists of a C2-class immunoglobin-like and a basic 

domain next to the PSI and sema domain196,219. Even though its role was first described in 

the nervous system, it is expressed in endothelial and epithelial cells and almost every type 

of *ssue such as gut, heart, kidney, neurons, teeth, adipose *ssue, bone, and even the 

umbilical cord196. Depending on the *ssue and stage of development, SEMA3A’s func*ons 

range from bone forma*on, growth cone collapse, vasculogenesis, to cell death, 

prolifera*on, adhesion, aggrega*on, and migra*on, as well as cytoskeletal organiza*on196. 

As previously men*oned, SEMA3A binds to the receptor NRP1 which then forms a 

holoreceptor complex with a type A plexin, in which plexin conveys the intracellular 

signal200. The probably most inves*gated role of SEMA3A is its func*on in neuronal 

development220. Here, SEMA3A results in the collapse of growth cones via LIM domain 

kinase 1 (LIMK1) and cofilin-1, resul*ng in cytoskeletal reorganiza*on221. Besides the 

nervous system, SEMA3A has also important func*ons in the bone, where it promotes 

osteoblas*c bone forma*on and inhibits adipocyte differen*a*on, having an 

osteoprotec*ve effect222. 

Since NRP1 is also a receptor for VEGF-A there has been a lot of controversy regarding the 

ques*on whether SEMA3A and VEGF-A are opponents or affiliates223-225. Although SEMA3A 

and VEGF-A bind to different sub-domains of NRP1, they do not directly compete, however, 

SEMA3A might sterically prevent the binding of VEGF-A and vice versa223,226. Addi*onally, 

while SEMA3A recruits plexin as a co-receptor, VEGF-A recruits VEGFR2225. The recrui*ng of 

different co-receptors results in different, yet not necessarily opposing downstream 

ac*ons225. Bachelder et al. showed that SEMA3A and VEGF-A are rather co-operators than 

compe*tors regarding chemotaxis of carcinoma cells and that their ra*o is more important 

than their concentra*ons regarding their chemotac*c rate227. 

To conclude, SEMA3A has numerous func*ons and plays an important role from 

embryogenesis through adulthood. While the essen*al receptors are known, many 

components of SEMA3A downstream signalling have not yet been discovered. 
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3.4.3. Semaphorin-3A in diseases 

SEMA3A is known to play a pathogenic role in several diseases, such as diabe*c 

nephropathy and re*nopathy, different types of cancer, and renal fibrosis228-231.  

During diabe*c nephropathy, which is the chronic loss of kidney and specifically podocyte 

func*on during T2D, SEMA3A is increased in podocytes, and inhibi*on of SEMA3A binding 

via Plxna1 dele*on in podocytes has been shown to ameliorate albuminuria and improve 

renal insufficiency230. Further, direct inhibi*on of SEMA3A with vinaxanthone, a fungal 

pep*de, resulted in podocyte recovery232. In renal fibrosis, SEMA3A is increased in the 

proximal tubulus and inhibi*on of SEMA3A with vinaxanthone also resulted in ameliora*on 

of several disease-associated events228. Similarly, upon diabe*c re*nopathy, which 

cons*tutes deteriora*on of the blood-re*nal barrier, SEMA3A is induced in the neuronal 

re*na and precipitates breakdown of endothelial barrier func*on, whereas neutraliza*on 

of SEMA3A ameliorated vascular leakage231.  

Findings regarding the role of SEMA3A in cancer are antagonis*c, as SEMA3A shows both 

promo*ng and inhibitory effects on cancer cell migra*on233,234. In breast, prostate, and lung 

cancer for example, SEMA3A expression was found to posi*vely correlate with survival as 

it inhibits tumour growth and metastasis, whereas in colon and pancrea*c cancer it 

promotes tumour invasion233. Regarding breast cancer however, there is also evidence that 

SEMA3A can both inhibit and promote cancer cell migra*on via different pathways235. 

Recently, Andryszak et al. found posi*ve expression of SEMA3A in tumour vessels in 91 out 

98 cases, poin*ng to a more pathological role in tumour progression236.  

In neurons, SEMA3A acts as a factor which triggers the collapse of growth cones, a fact 

which reflects nega*vely on nerve damage, as it prevents axons from rewiring upon 

injury237. Zhang et al., however, have shown that inhibi*on of SEMA3A during spinal cord 

injury, with direct applica*on of the inhibitor to the site of injury, enhanced axon 

regenera*on and motor func*on recovery238,239. Further, in the context of ischemia-

induced brain damage, a condi*onal knock-out of Sema3a protected the brain from 

ischemia-induced damage caused by elevated vascular permeability240.  

In the liver of rats, Sema3a has been shown to be downregulated upon par*al hepatectomy, 

whereas treatment with recombinant SEMA3A aGenuated LSEC migra*on and induced 

LSEC apoptosis241. Further, SEMA3A serum concentra*ons were found to be significantly 
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upregulated in MASLD, however, they decreased again at the stage fibrosis242. Conversely, 

in the seeng of HCC, SEMA3A has been shown to be overexpressed in humans and 

upregula*on of SEMA3A expression in mice promoted HCC progression243. SEMA3A 

signalling may also indirectly affect the lipid metabolism, via its role in lympha*c valve and 

vessel forma*on244. Lympha*c valves play a major role in the absorp*on of dietary lipids 

and SEMA3A binding to NRP1 is necessary for lympha*c valve and vessel matura*on244-246. 

In summary, Sema3a/SEMA3A is upregulated or secreted to a higher extend in several 

diseases, and inhibi*ng SEMA3A has been shown to be beneficial towards recovery. 

However, in some types of cancer, increased SEMA3A expression has been shown to inhibit 

tumour growth. Thus, inhibi*ng SEMA3A can have both disease promo*ng and inhibi*ng 

effects, highligh*ng the importance of research regarding *ssue-specific SEMA3A 

inhibi*on. 
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3.5. Aim of this Thesis 

SEMA3A is an unknown player in LSEC defenestra*on and MASLD, however, previous 

studies from our group suggest it plays a substan*al role regarding disease progression. 

SEMA3A first came to our aGen*on during the screening of differen*al mRNA expression in 

the livers of steato*c high-fat diet (HFD)-fed mice and LSECs of db/db mice where Sema3a 

expression was significantly increased247. Further research showed that LSECs express all 

the obligatory SEMA3A receptors, i.e. Nrp1 and Plxna1-4, thus we concluded that SEMA3A 

can exert an effect on LSECs and is upregulated in the seeng of hepa*c steatosis. Further, 

heterozygous Sema3a knock-out mice exhibited less hepa*c steatosis and more 

fenestrae247.  

First, we will test the quality of MACS-isolated LSECs, the effect of SEMA3A-Fc on LSEC size 

and viability, and the effect of cell culture on fenestra*ons over *me. In order to analyse 

fenestrae more efficiently with scanning electron microscopy, we aim to develop a deep 

learning workflow. Further, to evaluate the effect of SEMA3A-Fc on mouse LSECs in vitro, 

LSECs will be treated with different concentra*ons of SEMA3A-Fc. To beGer understand the 

intracellular mechanisms behind SEMA3A-induced defenestra*on, we will perform a kinase 

ac*vity profiling (KAP). Based on the results of the KAP, we are going to perform western 

blot analysis of cofilin-1 phosphoryla*on upon SEMA3A-Fc treatment in isolated mouse 

LSECs. Addi*onally, we will inves*gate the effect of NRP1 inhibi*on, a SEMA3A receptor, 

and LIMK1 inhibi*on, the enzyme which catalyses cofilin-1 phosphoryla*on, regarding 

SEMA3A-induced defenestra*on. We also aim to analyse the effect of palmi*c acid, a faGy 

acid that is oDen increased upon hepa*c steatosis, on the expression of SEMA3A and F-/G-

ac*n ra*o in human LSEC, as well as the effect of SEMA3A on the F-/G-ac*n ra*o in mouse 

LSECs to examine the effect of SEMA3A on the cytoskeleton. 

As db/db mice are a well-studied model for T2D and steatosis, we will analyse their 

fenestra*ons to inves*gate their suitability as a mouse model for steatosis-induced 

defenestra*on. Lastly, we aim to test the therapeu*c value of short-term SEMA3A inhibi*on 

in the seeng of T2D and hepa*c steatosis. Moreover, we are going to employ a gene*c 

model where we perform a tamoxifen-induced, endothelial cell-specific knock-out of 

Sema3a (iECSema3a) in mice which have diet-induced obesity (DIO) and hepa*c steatosis, to 

evaluate the effect of long-term loss of endothelial cell-derived SEMA3A on fenestrae. 
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Furthermore, we will inves*gate the ability of iECSema3a mice to secrete VLDL and study their 

fenestra*ons to examine their ability to export lipids from the liver into the bloodstream. 

In summary, the ul*mate aim of this thesis is to elucidate the role of SEMA3A regarding the 

process of defenestra*on in LSECs and characterize the role of SEMA3A-induced 

defenestra*on in the development of MASLD. 
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4. Methods 

4.1. Magne7c-ac7vated cell sor7ng of mouse LSECs 

4.1.1. Liver dissociaAon 

To generate a single-cell suspension only consis*ng of LSECs, the liver dissocia*on kit (130-

105-807) from Miltenyi was u*lized. First, the PEB (phosphate-buffered saline (PBS), 

ethylenediaminetetraace*c acid (EDTA), bovine serum albumin (BSA)) solu*on was 

prepared by mixing 47.5 ml magne*c-ac*vated cell sor*ng (MACS) rinsing solu*on 

(Miltenyi, 130-091-222) with 2.5 ml MACS BSA stock solu*on (Miltenyi, 130-091-376) per 

animal. This mixture was de-gassed on a magne*c mixer for 15 minutes and then stored on 

ice. ADer livers were collected from mice, they were transferred into a gentleMACS™ C tube 

(Miltenyi, 130-093-237) containing the dissocia*on mix (Table 1). The tube was closed and 

aGached onto a sleeve of the gentleMACS Octo Dissociator aDer which the samples were 

resuspended and added onto a MACS SmartStrainer (70 μm, Miltenyi, 130-098-462). The 

flow-through was collected in a fresh 50 ml falcon tube. 5 ml DMEM (Gibco™, 11965092) 

were added to the C-tube to collect remaining cells and applied onto the strainer as well. 

Lastly, the falcons containing the separated cells, were centrifuged at 300 x g for 10 minutes. 

 

Table 1. Components of the liver dissociaGon mix. All enzymes were stored at -20°C. Volumes account for the dissocia8on 
of one liver. 
 

 

 

4.1.2. MagneAc labelling and separaAon 

To isolate a single cell type from the generated single-cell solu*on containing all hepa*c cell 

types, the immunomagne*c cell separa*on system with columns from Miltenyi was used. 

ADer the liver dissocia*on procedure, the supernatant was carefully aspirated and the 

Components Company Volume 
Enzyme D Miltenyi 200 µl 
Enzyme R Miltenyi 100 µl 
Enzyme A Miltenyi 20 µl 
DMEM Gibco 4.7 ml 
Total - 5.02 ml 
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pellet resuspended with 5 ml PEB and centrifuged again at 300 x g for 10 minutes. 

Meanwhile, LS columns (Miltenyi, 130-042-401) for magne*c separa*on were equilibrated 

with 3 ml PEB. ADer centrifuga*on, the supernatant was removed, the pellet resuspended 

in 90 μl PEB and 10 μl of magne*c beads coupled to a CD146 an*body (Miltenyi, 130-092-

007) were added. The falcons now containing the cell suspension and the magne*cally 

labelled CD146 an*bodies were put onto a rotator in the fridge (4°C) for 15 minutes. 

ADerwards, the cells were washed with 1 ml PEB and centrifuged at 300 x g for 10 minutes, 

then the supernatant was taken off and the pellet resuspended in 500 μl PEB. This cell 

suspension was now applied onto a previously equilibrated column and washed with 3 ml 

PEB two *mes, with the flow-through being collected. The columns were then removed 

from the magne*c field and with a plunger the magne*cally labelled cells were washed out 

with 5 ml PEB onto the second column, to which a MACS SmartStrainer (Miltenyi, 130-098-

458, 30 μm) was aGached. ADer the column and the MACS SmartStrainer were washed two 

*mes with 3 ml PEB, the magne*cally labelled cells were flushed out with 5 ml PEB into a 

fresh 15 ml falcon tube which was centrifuged at 900 x g for 3 minutes. Next, the 

supernatant was taken off and the pellet was resuspended in the amount of pre-warmed 

EBM-2 media with supplements (Lonza, CC-3162) which would result in 60.000 cells/well 

and then incubated at 37°C and 5% CO2 for 4 hours, aDer which the cells could be further 

u*lized. The wells were pre-treated for at least 30 minutes at RT with speed coa*ng solu*on 

(PELOBioTech, PB-LU-000-0002-00, 500 µl/well). 

 

4.2. Cell culture 

4.2.1. SEMA3A-Fc treatment of mouse LSECs 

ADer allowing MACS-isolated LSECs to grow for 4 hours, the cells were starved for another 

hour using EBM-2 media without supplements (Lonza, CC-3156). ADer one hour, the 

medium was aspirated again, and cells were treated with either a control protein (IgG2A-

Fc, Recombinant Mouse IgG2A Fc Protein, R&D Systems, 4460-MG-100, Table 2), or 

different concentra*ons of recombinant semaphorin-3A (SEMA3A-Fc, Recombinant Mouse 

Semaphorin 3A Fc Chimera Protein, R&D Systems, 5926-S3-025, Table 2) in EBM-2 without 

supplements, however, the total amount of protein was always kept constant (Table 3). 
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ADer the cells were incubated at 37°C and 5% CO2 for the desired amount of *me, they 

were fixed in either PFA (4% in PBS) or Glutaraldehyde (2% in sodium cacodylate buffer).  

 

Table 2. List of proteins used for LSEC treatment. 
Protein Company Cat. No Prepara;on 

Recombinant Mouse 
IgG2A Fc Protein 

R&D Systems 4460-MG-100 
Recons;tuted in 1 ml 

sterile PBS 
Recombinant Mouse 
Semaphorin 3A Fc 
Chimera Protein 

R&D Systems 5926-S3-025/CF 
Recons;tuted in 250 µl 
PBS containing 0.1% BSA 

 

Table 3. PipeIng scheme for different concentraGons of recombinant SEMA3A-Fc for a 24-well plate (500 µl). 

 

4.2.2. AnAbody, inhibitor, and serum treatments of LSECs 

ADer 4 hours of incuba*on, isolated mouse LSECs were treated with different types of an*-

NRP1 an*bodies (an*-NRP1SEMA3A; Genentech, an*-NRP1Pan; R&D Systems, AF566), 

whereas the an*-NRP1VEGF an*body (Genentech) served as a control (Table 4). The 

an*bodies were diluted with EBM-2 medium without supplements to a final concentra*on 

of 5 µg/ml, and the cells were incubated at 37°C and 5% CO2 for 1 hour.  

Mouse LSECs pre-treated with the LIMK1 inhibitor LIMKi 3, they were allowed to grow 4 

hours and then incubated with LIMKi 3 (Tocris, Catalog No.: 4745) for 1 hour at 37°C and 

5% CO2. The inhibitor was diluted to a final concentra*on of 3 µM in EBM-2 medium 

without supplements and DMSO with a final concentra*on of 0.1%. As a control, the cells 

were treated with EBM-2 medium with the same concentra*on of DMSO (0.1%).  

 

Table 4. Used blocking anGbodies and their concentraGons. 

An;bodies Company Stock conc. Final conc. 

Nrp1-A (SEMA3A binding site) Genentech 5.6 mg/ml 5 µg/ml 

Nrp1-B (VEGF binding site) Genentech 16.6 mg/ml 5 µg/ml 

Nrp-1 blocking an;body (AF566) R&D Systems 200 µg/ml 5 µg/ml 

Condi;ons [µg of SEMA3A-Fc/ml] 0 0.5 1 2 

Recombinant Mouse IgG2A Fc Protein 10 µl 7.5 µl 5 µl 0 µl 

Recombinant Mouse Semaphorin 3A Fc 
Chimera Protein 

0 µl 2.5 µl 5 µl 10 µl 
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4.3. Palmi7c acid treatment of human LSECs 

LSECs were cultured in T75 flasks coated with Speed Coa*ng Solu*on (PELOBiotech, PB-LU-

000-0002-00) in microvascular EC growth medium supplemented with a microvascular EC 

growth kit enhanced (PELOBiotech, PB-MH-100-4099). For faGy acid treatments, LSECs 

(passage 4–6) were passaged in 12-well dishes coated with Speed Coa*ng Solu*on 

(PELOBiotech, PB-LU-000-0002-00) and leD to aGach overnight. ThereaDer, palmi*c acid 

(Sigma-Aldrich, P5585) or faGy acid-free BSA (Sigma-Aldrich, A7039, lot SLCB3395) as a 

control were added to the cells and incubated for 2, 6, 18 or 24 hours. Finally, the medium 

was removed and the cells were collected in 350 μl RTL lysis buffer (Qiagen) to isolate RNA, 

or fixed with PFA (4% in PBS) to stain F-ac*n.  

 

4.4. SEM analysis 

4.4.1. PreparaAon for SEM analysis of cells 

ADer the cells have been treated, the glass plates were removed from the wells and 

transferred into a new 24-well plate already containing 500 μl of glutaraldehyde solu*on 

(2% in sodium cacodylate buffer, for 2 ml of glutaraldehyde solu*on, 160 μl of 25% 

glutaraldehyde (stock) solu*on were mixed with 1840 μl sodium cacodylate buffer (0.1 M)) 

per well. The 24-well plates were then stored in the fridge overnight. The next day, the 

glutaraldehyde solu*on was taken off, and 500 μl sodium cacodylate buffer (0.1 M) was 

applied onto each glass plate. Unless used for further experiments immediately, the cells 

were stored in the cacodylate buffer in the fridge. When the experiment was con*nued, the 

next steps were all performed under the fume hood. First, the sodium cacodylate buffer 

was taken off and the cells were incubated with 500 μl OsO4 (osmium tetroxide) solu*on 

(for 4 ml, 3 ml of 0.1 M sodium cacodylate buffer were mixed with 1 ml of 4% OsO4) per 

well for 30 minutes. Next, the osmium solu*on was taken off and the cells were washed 

two *mes with 500 μl of cacodylate buffer for 5 minutes. Then, 500 μl of 70% ethanol was 

added into each well and incubated for 5 minutes. This step was repeated with 80% and 

90% ethanol aDer which the glass plates were transferred into a 24-well plate containing 

500 μl of 100% ethanol and stored in the fridge un*l further use. 
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Next, the cells were chemically dried using TMS (Tetramethylsilane, ACROS Organics™, 

Thermo Fisher Scien*fic). Since TMS is extremely vola*le, all steps were performed under 

the hood and the TMS was kept on ice during the experiment. Using a  5 ml plas*c pipeGe, 

the TMS was added into each well, approximately un*l the volume doubled. ADer 30 

minutes of incuba*on, TMS was again added un*l the volume doubled and incubated for 

30 min. ThereaDer, the cells were aspirated and a few drops of TMS were added into each 

well, just covering the glass plate, and incubated for 30 min. ADer the TMS was aspirated, 

a few drops of TMS were added into each well, and the plates were leD under the hood to 

dry overnight. The next day, the plates were removed and aGached onto SEM specimen 

stubs (12.5 mm Ø, 3.2 x 8 mm pin) using double sided adhesive circles. Using a spuGer 

coater, the plates were coated with a thin layer of gold in a controlled and even manner. 

ADer this step, the samples were ready to be examined by the SEM. For image acquisi*on, 

the Leo 1430 VP SEM, Zeiss FIB-SEM 540 Crossbeam, or Zeiss SUPRA 55VP together with 

the Zeiss imaging soDware (SmartSEM), was u*lized. 

 

4.4.2. Manual fenestrae quanAficaAon of LSECs 

For the morphologic analysis of LSECs, the images obtained with the SEM were examined 

using the Fiji imaging processing package. Analysed features were the fenestrae frequency, 

i.e. the number of fenestra*ons per µm2, the LSEC porosity, i.e. the ra*o of fenestrated area 

to the analysed cell area, and the fenestrae diameter. First, the scale was set from pixel to 

µm, in order measure all parameter in the intended unit. To do so, an image from the SEM 

with the scale bar on in was opened in Fiji (①) and the straight line tool (④) was used to 

determine the length of the scale bar in pixels (②). Those measurements were then used 

to set the scale (③, Analyze à Set scale…). Here, 1 µm correlated to 93 pixels in length. 
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Next, the cell area was determined, using 

the polygon selec*on tool (④). The 

outline of the cells was traced, and the 

area measured in µm2 (⑤). In order to 

now count the number of fenestrae on the 

LSEC surface, the Cell Counter Plugin was 

u*lized (Plugins à Analyze à Cell Counter 

à Cell counter). For a beGer resolu*on, 

the contrast and brightness were adjusted and the processing tool “smooth” was applied 

(Image à Adjust à Brightness/Contrast, Process à Smooth, ⑥ before, ⑦ aDer). Then, 

the fenestrae were counted and a copy where all the fenestrae are flagged was saved (⑧), 

to aid the measuring of the fenestrae diameter. The diameter was measured using the 
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straight line tool and the measurements were given in µm (⑨, Length in table). All 

obtained measurements were used to calculate above men*oned parameters by using the 

formulas given in Figure 7. 

 

 

 

 

fenestrae area	=	πr2                      r	=
d
2
 

 

fenestra*on frequency [µm-2]	= 
number of fenestrae

analysed cell area [µm2]
 

 

LSEC porosity [%]	= 
∑ fenestrae area [µm2]
analysed cell area [µm2]

 × 100 

 
 
Figure 7. Formulas used for the analysis of images taken of mouse LSECs with the SEM. 
 

r = Radius  

d = Diameter 

∑ = Sum 

𝜋 = pi 
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4.4.3. Fenestrae quanAficaAon of LSECs using a deep learning workflow 

For the morphologic analysis of LSECs, the images obtained with the Zeiss FIB-SEM 540 

Crossbeam or SUPRA 55VP were examined using a deep-learning workflow that is based on 

the uncertainty-aware variant of the Contour Proposal Network (CPN) and was developed 

together with Eric Upschulte and Dr. Timo Dickscheid from the Research Centre Jülich248,249. 

This model was specifically chosen for its capability to directly predict object contours in 

biomedical image data, providing an accurate representa*on of object shapes and sizes. It 

uses a U-Net architecture with a ResNeXt-101 encoder250,251. This setup u*lized a pretrained 

network (ginoro_CpnResNeXt101UNet-êe875f1a3e5ce2c) from the celldetec*on Python 

package (hGps://github.com/FZJ-INM1-BDA/celldetec*on), designed for mul*modal cell 

segmenta*on. The model was fine-tuned using manual annota*ons and applied with an 

ensemble strategy. Computa*ons were performed on the JUWELS supercomputer252. 

 

4.4.4. Fenestrae quanAficaAon of sinusoids using Fiji WEKA classifier 

The SEM images of liver sinusoids were quan*fied using Fiji with help of the trainable WEKA 

segmenta*on plugin, a workflow developed by Dr. Daniel Eberhard253,254. Firstly, an 

automa*c contrast ("Normalize Local Contrast") was calculated for each SEM image and the 

polygon selec*on tool of Fiji was used to manually mark the area of interest (sinusoid area) 

and all non-sinusoid area and gaps were cleared. Next, fenestrae area and sinusoid cell 

surface area were iden*fied using a data-set-trained-classifier segmenta*on (WEKA) 

algorithm in Fiji253,254. The classifier was trained using typical images from the same 

scanning electron microscope before and stored in a classifier file. The classifier 

segmenta*on (WEKA) algorithm led to the genera*on of probability maps for cell surface 

area and fenestrae area. Finally, the maps were used to calculate the overall surface area 

of the sinusoid and also to quan*fy fenestrae using the “analyze Par*cles” feature which 

returns area and diameter of each object. Small objects (diameter < 35.68 nm), or objects 

with a low circularity (circularity < 0.50) were excluded from the analysis as fenestrae are 

expected to be round or oval in shape. The data was transferred to Excel (MicrosoD) and 

the fenestrae frequency and LSEC porosity was calculated. 

 

https://github.com/FZJ-INM1-BDA/celldetection
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4.5. Gene expression analysis 

To quan*fy gene expression in cells, mRNA was isolated using the RNeasy kit (QIAGEN). 

cDNA was synthesized using Oligo (dT) primers (Eurogentec) and MMLV reverse 

transcriptase (Promega) according to the suppliers’ instruc*ons. qPCR was performed on a 

Mx3000P (Agilent Technologies) or Quantstudio 5 (Applied Biosystems) qPCR Machine 

using Brilliant III Sybr green (Agilent Technologies). To exclude the involvement of unspecific 

PCR products, –RT controls were performed and PCR mel*ng curves of each PCR product 

were evaluated. Samples with faulty dissocia*on curves (more than two peaks) were 

excluded from further analysis. PCRs for all samples were run in triplicate. Rela*ve gene 

expression was calculated according to SchmiGgen and Liva255 using the formula 2-(CT gene of 

interest - CT reference gene). Finally, individual samples were ploGed as fold expression with respect 

to the mean of the control group. 

 

Table 5. RT-qPCR primer sequences. 
Gene FW Sequence 3’ à 5’ RV Sequence 5’ à 3’ Species 
HPRT TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT Human 
GAPDH CCTGTTCGACAGTCAGCCG CGACCAAATCCGTTGACTCC Human 
SEMA3A TGTTGGAGCAAAGGATCACA TCTTTTCCAGCCCACTTGCA Human 
Rplp0 GATGCCCAGGGAAGACA ACAATGAAGCATTTTGGATAATCA Mouse 
Sema3a GGATGGGTCCTCATGCTCAC TGGTGCTGCAAGTCAGAGCAG Mouse 

 

 

4.6. Western bloJng 

4.6.1. Protein isolaAon 

For protein isola*on, LSECs were washed briefly with 1 ml of DPBS. ADerwards 180 μl of 

RIPA buffer was added to each well and incubated for 5 minutes on ice. Using the cell 

scraper, cells were then transferred into a new 1.5 ml Eppendorf tube. Those were put onto 

the cell disruptor (Disruptor genie, Scien*fic Industries) for 10 minutes and allowed to sit 

at 4°C for 15 minutes. Subsequently, the lysates were centrifuged at 4°C and 15.700 x g 

(Centrifuge 5415 R, Eppendorf). The supernatant was transferred into new 1.5 ml 

Eppendorf tubes and stored at -80°C un*l further use. 
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4.6.2. Bicinchoninic acid assay 

To quan*fy the amount of protein in the samples from the protein harvest, a bicinchoninic 

acid (BCA) assay using the Pierce BCA protein assay kit (Thermo Scien*fic, 23225) was 

performed according to the manufacturer’s instruc*ons. For the western blot, all samples 

were filled up with H2O to 30 μl and 10 μl of 4x Laemmli sample buffer (180 μl 4x Laemmli 

stock, 20 μl NaF, 40 μl Protease inhibitor (Roche), 10 μl β-Mercaptoethanol) was added. The 

samples were incubated at 95°C for 5 minutes for protein denatura*on. Following, the 

samples were put on ice for immediate use. 

 

4.6.3. Western bloTng 

A Mini-PROTEAN™ TGX Stain-Free™ Protein Gel was loaded with 5 μl of PageRuler 

Prestained Protein Ladder (Cat: 26616, Thermo Fisher) and 10 μl sample (each containing 

the same amount of protein) per lane. Gels were run at 120 V for approximately 40 minutes. 

The gel was immediately ac*vated using UV light for 5 minutes. ADer imaging the gel, two 

ion transfer stacks and the bloeng membrane were assembled in the transfer chamber of 

the Trans-Blot Turbo according to manufacturer’s instruc*ons (Figure 8). Following the 

transfer, the blot was imaged using the Bio-Rad ChemiDoc™ MP Imaging soDware. Then, 

the blot was blocked in 5% milk in 1 x PBST for 1 hour at room temperature. 

To visualize cofilin-1 and phospho-cofilin-1, the blots were incubated for at least 16 hours 

or overnight in the primary an*body at 4°C on a horizontal shaker (an*bodies: phospho-

cofilin, Cell Signaling, 3313T, 1:750; cofilin, Cell Signaling, 5175T, 1:750, GAPDH, abcam, 

ab9485, 1:2500).  

ADerwards the blots were washed three *mes with 1x PBST for 5 minutes and then 

incubated for one hour in the secondary an*body (an*bodies: An*-rabbit IgG, HRP linked 

an*body, Jackson Immuno Research, 711-035-152, 1:4000; An*-rabbit IgG, HRP linked 

an*body, Invitrogen, G21234, 1:2000) on a horizontal shaker at room temperature. Blots 

were washed again three *mes with 1x TBST for 5 minutes before applying Pierce ECL 

Western Bloeng substrate (32132, Thermo Fisher) onto the membrane to detect specific 

protein bands. The membrane was incubated in the substrate for 5 minutes and the 

ChemiDoc™ MP (Bio-Rad) and the ImageLab 4.1 soDware from Bio-Rad were used to 

develop and analyse images. 
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Figure 8. Picture of Trans-Blot Turbo assembly. 
Picture was obtained from the Bio-Rad Trans-Blot Turbo System Instruc8on Manual (Catalog #1704150). 
 
 

4.7. PamGene kinase ac7vity profiling 

To perform kinase ac*vity profiling, mouse LSECs were isolated using MACS and cells were 

seeded at 1 million cells/well in a 6-well plate. ADer 4 hours, cells were starved for 1 hour 

and then treated for 10 minutes with 1 µg/ml of either SEMA3A-Fc or IgG2a-Fc. ADerwards, 

the 6-well plate was put on ice, the culture medium was removed, and cells were washed 

with cold PBS. ADer removal of the PBS, the washing step was repeated. Lysis buffer (Halt 

Phosphatase Inhibitor Cocktail 1:100 and Halt Protease Inhibitor Cocktail EDTA free 1:50 in 

M-PER Mammalian Extrac*on Buffer) was added to the cells and cells were collected using 

a cell scraper. Cells were kept on ice and lysed by pipeeng up and down several *mes over 

the course of 15 minutes. Samples were centrifuged for 15 minutes at 16.000 x g at 4°C. 

The lysate was collected and transferred to a clean vial on ice. ADer snap-freezing in liquid 

nitrogen, samples were stored at -80°C un*l transport to the PamGene facility. The analysis 

and data-processing were performed by PamGene using the BioNavigator® soDware. 

 

4.8. Phalloidin staining 

To stain F-ac*n in LSECs, cells grown on glass plates were fixed with 4% PFA and washed 

with PBST (0.2% Triton-X100) three *mes. 5 µl of the stock solu*on (Alexa Fluor™ 488 

Phalloidin, A12379, Abcam) were diluted with 200 µl PBS for each sample. ADer 30 minutes 
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incuba*on in the dark at room temperature, plates were washed three *mes with PBST 

(0.2%), and cell nuclei were stained with DAPI (D9542, Sigma-Aldrich) prior to moun*ng. 

 

4.9. Measuring corrected total cell fluorescence (CTCF) 

Corrected total cell fluorescence (CTCF) was measured as described by Bora et al., 2021256. 

In Fiji the image was opened and the cell of interest was selected. Using Analyze > Measure, 

the integrated density, area, and mean grey value were measured. Addi*onally, a small area 

where no fluorescence was present was measured for the background fluorescence. Using 

those parameters, the CTCF was calculated according to the formula in Figure 9. 

 

CTCF	= Integrated density	-	(Area of selected cell	× Mean fluorescence of Backgrounds) 

Figure 9. CTFC calculaGon. 
 
 

4.10. G-ac7n/F-ac7n in vivo assay biochem kit 

To quan*fy F- and G-ac*n in LSECs, the G-Ac*n/F-Ac*n In Vivo Assay Biochem Kit from 

Cytoskeleton, Inc. (Cat. # BK037) was used. To this end, mouse LSECs were isolated using 

MACS, incubated for 4 h, starved for 1 h, and treated for 1 hour with 1 µg/ml of either 

SEMA3A-Fc (R&D Systems) or IgG2a-Fc (R&D Systems), while human LSECs were passaged 

and then treated as described previously. The division of F- and G-ac*n was performed 

according to the Kit’s descrip*on. ADerwards, both frac*ons were analyzed using western 

bloeng (an*bodies used: An*-Ac*n MAb (clone 7A8.2.1, Cat: AAN02-S). For quan*fica*on, 

a dilu*on series was used to generate a standard curve.  

 

4.11. Serum parameters 

To measure triglycerides, ALT, AST, total cholesterol, and HDL-Cholesterol in blood serum of 

mice (4 hours fas*ng), the Kenshin-2 Spotchem 4430 test stripes were used in combina*on 

with the SPOTCHEM EZ™ SP-4430. Values below <15 (n.d.) were defined as 15. The samples 

were measured according to the manufacturer’s descrip*on. NEFA was measured using the 

NEFA-HR(2) Assay (FUJIFILM Wako Chemicals Europe GmbH) and insulin was measured 

using an ultra-sensi*ve rat insulin ELISA (Crystal Chem; Cat: 90060). HOMA-IR was 



Methods  

 
 

39 

calculated as (insulin * glucose [ng/ml * ml/dl]/405) and Adipo-IR (free faGy acid × insulin 

[mmol/L/pmol]). 

 

4.12. Animal handling 

Male C57BL/6J mice (9-11-weeks-old, Janvier, France) and male and female db/db.BKS and 

db/+.BKS mice were used for gene expression studies and/or LSEC isola*ons. Intravenous 

NRP1-an*body injec*ons (tail-vein) were performed by Dr. Paula Follert (Ins*tute of 

Metabolic Physiology, HHU). 10-week-old male db/db.BKS mice were treated with 10 mg/kg 

body weight NRP1SEMA3A an*body from Genentech or an isotype and concentra*on 

matched IgG control (BioCell, InVivoPlus™, mouse IgG2a isotype control, clone C1.18.4, Cat 

#: BP0085, Lot #:833922A2), both in approximately 100 µl of NaCl (0.9%). The an*body or 

the control were administered every third day over the course of 16 days. Specifically, 

animals were taken out of the cage, put into a restrainer and, aDer warming the tail with 

37°C water, either the an*body or the control were administered. 

For condi*onal vascular endothelial cell specific dele*on of Sema3a; Cdh5-CreERT2 mice257 

were mated with floxed Sema3afl/fl (backcrossed to C57BL/6J) mice258, fed with HFD 

(D12492, Research Diets) for 10 weeks, injected with 75 mg/kg body weight of tamoxifen 

(Sigma, T5648) in peanut oil (Sigma, P2144) for 5 consecu*ve days and fed with HFD for an 

addi*onal 10 weeks, all performed by Dr. Daniel Eberhard. Cdh5-CreERT2 mice were used as 

controls and were treated equally. 

Genotyping was performed according to Taniguchi et al., Licht et al., and Madisen                     

et al.258-260. All mice were held at 22°C (+/- 2°C), 55% (+/- 5%) humidity, ligh*ng (6:00 a.m. -

6:00p.m.), fed with standard chow (Sniff, V1184-300; crude protein (N x 6,25) 23%; crude 

fat 6.1%; crude fiber 3.3 %; crude ash, 6.5%; starch 34.1%; sugar 5,1%; N free extracts 

49.8%; energy from fat 16kJ%; protein 27kJ% and carbohydrates 57kJ%) or high-fat diet 

(D12492, Research Diets, energy from fat 60 kcal%; formula*on: protein (200 g casein, La*c 

30 Mesh; 3g cysteine L), carbohydrates (125 g Lodex 10, 72,8 g sucrose); fibre (50 g Solka 

Floc, FCC200); fat (245 g lard, 25 g soybean oil, USP), mineral (50 g S10026B); vitamin (2 g 

choline bitartrate, 1 g V10001C) and dye (0.05 g blue FD&C, Alum. Lake 35-42%)) and had 

free access to water.  
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4.13. Mouse liver perfusion 

The perfusion was performed according to the protocol from Cogger et al.261. ADer the livers 

were perfused, they were prepared for the SEM. First, the livers were washed at least three 

*mes with 0.1 M sodium cacodylate buffer in order to remove as much glutaraldehyde from 

the EM fixa*ve buffer as possible as it can cross-react with the OsO4 applied in the next 

step, resul*ng in artefacts on the SEM. ADerwards, the livers were incubated with 2% OsO4 

in 0.1 M sodium cacodylate buffer for 2 hours at room temperature. Next, in order to 

dehydrate the livers, they were rinsed with increasing concentra*ons of ethanol. First, they 

were incubated with 50% ethanol for 5 minutes, then three *mes for 5 minutes with 70% 

ethanol, three *mes for 5 minutes with 90% ethanol, two *mes for 5 minutes with 100% 

ethanol, and lastly two *mes for 10 minutes with 100% ethanol. 

To finish, the livers were chemically dried with TMS (ACROS Organics™, Thermo Fisher 

Scien*fic). As TMS is extremely vola*le, itself and the samples were constantly kept on ice 

and the next steps were performed under a fume hood. Roughly, the same amount of TMS 

as ethanol was applied onto the livers, to reach a 1:1 ra*o of ethanol and TMS and allowed 

to incubate for 30 minutes. ADerwards, the same amount TMS was added again to reach a 

ra*o of 1:2 of ethanol to TMS and incubated for 30 minutes aDer which the ethanol and 

TMS mixture was removed and pure TMS was added. ADer another 30 minutes, the TMS 

was removed and fresh TMS was added. Lastly, the tubes containing the livers were opened 

to allow the TMS to evaporate overnight under the hood. 

The next day, the livers were placed onto specimen stubs (12.5 mm Ø, 3.2 x 8mm pin) using 

double sided adhesive circles. Using a spuGer coater, the plates were coated with a thin 

layer of gold in a controlled and even manner. By coa*ng the specimen with a conduc*ve 

material, charge build-up on the specimen’s surface is prevented. It is cri*cal that the 

coa*ng is thick enough to prevent charging (typically around 10 nm) but not thick enough 

to obscure specimen surface details. ADer this step, the samples were ready to be examined 

by the SEM. For image acquisi*on, the Leo 1430 VP SEM, Zeiss FIB-SEM 540 Crossbeam, 

and Zeiss SUPRA 55VP together with the Zeiss imaging soDware (SmartSEM), were u*lized. 
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4.14. VLDL secre7on assay 

Mice were weighed and subjected to a 4-hour fast before undergoing the VLDL secre*on 

test. In the test, 0.5 g/kg body weight (BW) of WR-1339 (Sigma, T8761) was 

intraperitoneally injected and blood was collected from the tail *p pre-injec*on and aDer 

1, 2, 4 and 6 hours aDer Triton WR1339 injec*on using EDTA-coated tubes, followed by 

plasma prepara*on through a 10-minute centrifuga*on at 2.000 x g. Triglycerides were 

measured using a LabAssay Triglyceride kit (FUJIFILM Wako Chemicals Europe GmbH) 

according to the suppliers’ instruc*ons. 

 

4.15. Sta7s7cs 

All imaging analyses were performed under blinded condi*ons. Data were gathered and 

processed using Excel (MicrosoD) and then transferred to GraphPad Prism to generate all 

graphs. All data points were ploGed individually together with the mean and s.e.m. 

Sta*s*cal analyses were performed using GraphPad Prism Version 10.2.3 (347) for 

Macintosh (GraphPad SoDware, San Diego, CA). No sta*s*cal outlier tests were applied. If 

necessary, samples/data were solely removed based on technical issues during the 

experiments. A two-tailed unequal variances t-test (Welch’s test) was used to determine 

sta*s*cal significance between two independent experimental groups. A pairwise Student’s 

t-test was performed to determine sta*s*cal significance for samples of the same mouse. 

In case of mul*ple t-tests in the same analysis a mul*ple two-tailed t-test (paired or 

unpaired) with a two-stage step-up method according to Benjamini, Krieger and Yeku*eli 

was used to correct for mul*ple comparisons and to detect significant discoveries. For more 

than two experimental groups with one or two factors, a one- or two-way analysis of 

variance (ANOVA) (with or without repeated measurements) was conducted. Mul*ple 

comparisons were corrected for using the DunneG’s, Tukey’s, or Šidák’s post hoc test. The 

p-value is displayed depending on its significance (p < 0.05) and whether it is men*oned in 

the results paragraph. 
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4.16. Personal contribu7ons 

Most of the experiments were performed by Sydney Balkenhol, supervised by Prof. Dr. 

Eckhard Lammert and Dr. Daniel Eberhard. This experiments/the contributors of this study 

were supported and funded by the Heinrich Heine University Düsseldorf, the DDZ, the 

German Research Founda*on (DFG, La1216/6-1 and RTG 2576 vivid), the Federal Ministry 

of Health, the Ministry of Culture and Science of North Rhine-Westphalia, the German 

Center for Diabetes Research (DZD), the Schmutzler Founda*on and European Community 

(HORIZON-HLTH-2022-STAYHLTH-02-01: panel A) to the INTERCEPT-T2D consor*um, and 

the Hector Founda*on under the project number MED2302. Sydney Balkenhol is supported 

by the Studiens*Dung des Deutschen Volkes.  

 

The training of the cell segmenta*on tool with SEM images of LSEC and the streamlining of 

the measurements of fenestrae (Figure 11b-d) was performed by Eric Upschulte under 

supervision of Dr. Timo Dickscheid, who received funding from the Priority Program 2041 

(SPP 2041) ‘Computa*onal Connectomics’ of the DFG and the European Union’s Horizon 

Europe Programme under specific grant agreement no. 101147319 (EBRAINS 2.0 Project) 

and the Helmholtz Associa*on’s Ini*a*ve and Networking Fund through the Helmholtz 

Interna*onal BigBrain Analy*cs and Learning Laboratory under the Helmholtz Interna*onal 

Laboratory grant agreement, InterLabs-0015. 

The analysis of the samples, genera*on of heatmaps, volcano plots and PCA of samples 

(Figure 15a-c) was performed solely by PamGene. 

Human LSEC culture and palmi*c acid treatment of human LSECs (Figure 18a, d) was 

performed by Dr. Daniel Eberhard. RT-qPCR analysis of human LSECs was performed by 

Andrea Köster (Figure 18d). 

Intravenous administra*on of the NRP1SEMA3A-blocking an*body in db/db (Figure 21) was 

performed by Dr. Paula Follert (funded by the ‘Intra- and interorgan communica*on of the 

cardiovascular system’ (IRTG 1902)) and Dr. Linda Große-Segerath. The measurement of 

non-esterified faGy acids (NEFA) and liver triglycerides (TG), as well as ORO stainings and 

analysis was performed by Dr. Daniel Eberhard (Figure 21j-l).  
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The genera*on of the iECSema3a and iECwt mice, the VLDL secre*on assay and measurement 

of physical parameters such as body weight, liver weight, blood insulin, blood glucose, and 

free faGy acids (Figure 22a-d, i-k), was performed by Dr. Daniel Eberhard. 

The LSEC isola*on from db/db mice was performed by Celina Uhlemeyer and Bengt-

Frederik Belgardt (funded by the DFG within the Research Training Group GRK2576), while 

the RT-qPCR was performed by Dr. Daniel Eberhard and Andrea Köster (Supplementary 

Figure 6). 

 
I thank S. Köhler (CAI, Heinrich Heine University Düsseldorf) and A. K. Bergmann (Core 

Facility, UKD Düsseldorf) for their help with SEM. I also acknowledge the Gauss Centre for 

Supercompu*ng (www.gauss-centre.eu) for funding this project by providing compu*ng 

*me through the John von Neumann Ins*tute for Compu*ng on the GCS Supercomputer 

JUWELS at Jülich Supercompu*ng Centre and the compu*ng *me granted through JARA on 

the supercomputer JURECA at Forschungszentrum Jülich. I am also grateful to Genentech 

for providing the NRP1-blocking an*bodies.  

  



Results  

 
 

44 

5. Results 

5.1. LSEC and fenestrae: establishment of quality and analysis 

5.1.1. Quality assessment of MACS-isolated mouse LSECs 

For upcoming cell culture experiments, it was important to ensure that the u*lized LSEC 

isola*on method results in fenestrated LSECs. Thus, we aimed to evaluate the quality of 

MACS (magne*c-ac*vated cell sor*ng)-isolated LSECs, using the percentage of fenestrated 

LSECs as a determinant for well-isolated/healthy LSECs. Further, we were interested 

whether the magne*c beads used in MACS might impede the quan*fica*on of fenestrae. 

To this end, high-magnifica*on scanning electron microscope (SEM) images of MACS-

isolated LSECs (CD146+ cells) were taken, in that 60 cells were chosen at a random and 

analysed for the presence of fenestra*ons and magne*c beads. As to be seen in Figure 10a 

small circular specimens with a light appearance are to be found at magnifica*ons of 58.56k 

with a size of approximately 50 nm, which is the size of a magne*c bead according to the 

manufacturer. Further, 60 cells/isola*on were analysed for the presence of fenestrae 

(Figure 10b) showing a significantly higher number of fenestrated LSECs versus non-

fenestrated LSECs (av. 98.33% vs 1.67%, p < 0.001, Figure 10c).  

To conclude, magne*c beads can be found on MACS-isolated LSECs, while the vast majority 

of MACS-isolated cells presents with fenestra*ons, indica*ng the suitability of MACS-based 

methods for studying LSEC fenestra*on. 
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Figure 10. Quality assessment of MACS-isolated mouse LSECs.  
a LSECs were isolated and incubated for 4 hours in EBM-2 media. An arrow points to a poten8al magne8c bead located 
within a fenestra, scale bars = 400 nm (le4) and 100 nm (right, n = 1 LSEC isola8on). For be@er visualisa8on, contrast and 
brightness were adjusted. The SEM was illustrated by Sydney Balkenhol. b A4er isola8on, mouse LSECs were allowed to 
grow for 4 hours prior to SEM analysis. Example images represen8ng non-fenestrated (nf), and fenestrated (f) CD146+ cells 
are shown. Scale bars = 1 µm. c Analyses of 60 randomly chosen cells regarding the occurrence of fenestra8ons. For 
sta8s8cal analysis a two-tailed unequal variances t-test was performed (n = 3). In the graph data points, mean ± s.e.m., 
and the p-value are presented. 
 
 

5.1.2. Development of a deep learning workflow for fenestrae analysis 

Manual analysis of fenestrae is a *me-consuming process which can be biased and take 

several days. In order to streamline this process, we collaborated with the Research Centre 

Jülich1. Here we present a deep learning workflow (DLW), originally designed for 

mul*modal cell segmenta*on, which was trained with previously analysed SEM images of 

fenestrated LSECs, and thus should be able to automa*cally detect and measure 

fenestra*ons in SEM images of mouse LSECs.  

The first step of this process was to ensure that the segmenta*on tool is able to iden*fy 

fenestrae. To this end we made overlays for SEM images where the fenestrae were coloured 

in white (Figure 11a). These images were used to train the DLW associated model, aDer 

which we could confirm that the model is indeed able to iden*fy fenestrae (Figure 11b). In 

order to further improve the model and also measure fenestrae automa*cally, SEM images 

 
 
1 h#ps://www.fz-juelich.de/de/inm/inm-1/forschung/big-data-analy>cs 

Q
ua
lit
y
as
se
ss
m
en
t

a

b c

nf f
0

50

100

Di
st
rib
ut
io
n
of
CD
14
6+
ce
lls
in

ce
lls
w
ith
an
d
w
ith
ou
tf
en
es
tra
e

in
%
of
to
ta
lc
el
ls
(%
)

< 0.0001

Fe
ne
st
ra
te
d
(f)

N
on
-fe
ne
st
ra
te
d
(n
f)

CD146+ cells

https://www.fz-juelich.de/de/inm/inm-1/forschung/big-data-analytics


Results  

 
 

46 

with a manually drawn diameter for each fenestra were used as training data. To finally 

verify the func*onality, we performed a correla*on analysis of manually and automa*cally 

analysed images. For the interpreta*on, the output tables were parsed with a custom 

python script (Supplementary Figure 5) which determines the total fenestrae number, 

average diameter, and total fenestrae area. The cell area was measured manually. 

As to be seen in Figure 11c the annotated SEM image shows a high density of recognized 

fenestrae. The results show a strong correla*on between manually and automa*cally 

analysed images, regarding the fenestrae number (R2 = 0.9621), frequency (R2 = 0.9376), 

and diameter (R2 = 0.9254), as well as LSEC porosity (R2 = 0.9642, Figure 11d), displaying 

the predic*ve power of the DLW. 

In summary, the DLW is able to iden*fy fenestrae and analyse their diameter and number 

in SEM-obtained images of LSECs reliably and invariably. 
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Figure 11. Deep learning workflow development.  
a SEM image before (le4) and a4er (right) overlaying the fenestrae, scale bars = 2 µm. b Fenestrae iden8fica8on output. 
Iden8fied fenestrae (top), original image (middle), and both merged (bo@om). Generated by Eric Upschulte. c Example 
images of LSECs pre- (input file) and post-processing (output file) as received by the deep learning workflow. Scale bars = 
2 µm. d Correla8on analysis of 30 images which were analysed either manually or using the deep learning workflow 
regarding their fenestrae number, fenestrae frequency, fenestrae diameter, and LSEC porosity. Each dot represents one 
analysed image.  
 
 

5.1.3. LSECs lose their fenestrae aWer 24 hours while SEMA3A-Fc treatment does not impair 

LSEC size or viability 

Several studies have shown that cultured LSECs lose their fenestra*ons over *me95,262. In 

order to ensure that the experiments we will be conduc*ng are not affected through 

cul*va*on-induced defenestra*on, we aimed to evaluate during which *me period MACS-

isolated LSECs defenestrate. Furthermore, we were interested whether SEMA3A-Fc would 

impair cell viability by reducing ATP levels or the size of fenestrae via cell 

shrinking/contrac*on. 

Hence, mouse LSECs were isolated using MACS, allowed to adhere to glass plates for 4 

hours, cultured for 1, 2, and 24 hours, and prepared for SEM analysis. For each *me point, 

SEM images were taken and the cells were manually analysed for fenestrae diameter and 

number. Addi*onally, LSECs were starved for 1 hour and then treated with different 

concentra*ons of SEMA3A-Fc for another hour, aDer which the cell size, using DAPI and 

phalloidin staining, and intracellular ATP content, using the CellTiter Glo Assay, were 

measured.  

Although cells were fenestrated at each of the *me points, LSECs lost nearly half of their 

porosity aDer 24 hours compared to 1 hour (av. 5.84% vs 3.01%, p = 0.2901, Figure 12d), 

whereas the fenestrae diameter remained unchanged throughout all condi*ons (Figure 

12e). The fenestrae frequency was significantly decreased aDer 24 hours compared to 1 

hour (av. 1.838 µm-2 vs 0.693 µm-2, p = 0.0346, Figure 12c).  

Analysis of the cell size showed that the average cell size did not change, neither aDer 

treatment with low, nor high concentra*ons of SEMA3A-Fc (Figure 12f). Treatment of cells 

with SEMA3A-Fc also did not significantly change the amount of intracellular ATP detected 

(Figure 12g). 
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In conclusion, LSECs lose approximately 50% of their porosity in the first 24 hours of 

cul*va*on while short-term incuba*on with SEMA3A-Fc does not impair intracellular ATP 

content or cell size. 

 

 
Figure 12. Cultured mouse LSECs lose fenestrae over Gme while SEMA3A-Fc does affect cell size or ATP content.  
a, b SEM images of isolated mouse LSECs which were cultured in EBM-2 medium with supplements for 1 (a) and 24 hours 
(b), a4er 4 hours pre-culture. The fenestrae were colorized with a digital charcoal pencil for be@er visualiza8on. Scale bars 
= 2 µm. c-e Quan8fica8on of SEM images. For each condi8on, 10 images were analysed for fenestrae frequency (c), LSEC 
porosity (d), and fenestrae diameter (e). The analysis was performed manually. A one-way ANOVA with mul8ple 
comparisons (Tukey´s post hoc test) was performed for sta8s8cal analysis (n = 3 independent LSEC isola8ons). f Effect of 
different SEMA3A-Fc concentra8ons on LSEC size. Cells were cultured for 4 hours, starved for 1 hour, and treated with 
SEMA3A-Fc and/or IgG2a-Fc for 1 hour. A4er fixa8on, phalloidin was used to stain F-ac8n fibers, and DAPI was used to 
stain cell nuclei. Cells were imaged using an Axioscope (Zeiss) and the NIS-Elements imaging so4ware, and 10 images of 
each condi8on were obtained and analyzed using the Fiji image processing package. Per image, the cell size of at least 26 
cells was measured. g The CellTiter-Glo Cell Viability Assay was performed a4er SEMA3A-Fc treatment of isolated LSECs 
to determine the amount of ATP present (n = 3 independent LSEC isola8ons). In all graphs data points, mean ± s.e.m., and 
the p-values are presented. 
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5.2. SEMA3A-mediated defenestra7on: mechanism of ac7on 

5.2.1. SEMA3A decreases fenestrae frequency in a Ame- and concentraAon-             

dependent manner 

A dis*nct feature of LSECs are fenestrae, small holes which are organized in sieve plates and 

thought to facilitate the bi-direc*onal exchange of molecules and lipids between the 

hepatocytes and the bloodstream263,264. The loss of fenestrae is an early hallmark of liver 

diseases such as MASLD and may disrupt the lipid metabolism67,80,82. SEMA3A is a class 3 

semaphorin, known to induce the collapse of neurons amongst other things, however, 

recent experiments by Daniel Eberhard indicate that SEMA3A may also play a role the 

defenestra*on of LSECs. 

To further inves*gate this, we aimed to evaluate the effect of SEMA3A over *me as well as 

increasing SEMA3A concentra*ons on LSEC morphology. To this end, LSECs were isolated 

from C57BL/6J mice and allowed to grow for 4 hours. Following, LSECs were starved and 

then treated with 0.5, 1 or 2 μg/ml of SEMA3A-Fc or IgG2a-Fc for 1 hour, whereas the 

amount of total protein given was kept constant (2 μg/ml). Further, they were treated with 

1 μg/ml SEMA3A-Fc or IgG2a-Fc for 30, 60 and 90 minutes, whereas the amount of total 

protein given was kept constant (1 μg/ml). Subsequently, the cells were prepared for SEM 

analysis (Figure 13a). Analysis shows that with increasing SEMA3A-Fc concentra*ons, the 

fenestrae frequency (av. 1.991 µm-2 vs 0.534 µm-2, p = 0.0101, Figure 13c) and LSEC porosity 

(av. 5.019% vs 1.682%, p = 0.0024, Figure 13d) decreased significantly. Meanwhile, the 

fenestrae diameter remained unchanged, except for fenestrae being slightly larger aDer 

treatment with 1 μg/ml SEMA3A-Fc compared to the control (av. 172.6 nm vs 194.5 nm, p 

= 0.0422, Figure 13e). Further, aDer 30 minutes SEMA3A-Fc did not have a visible effect on 

fenestrae frequency or cell porosity, however, aDer 60 minutes the fenestrae frequency (av. 

2.072 µm-2 vs 0.690 µm-2, p = 0.0131, Figure 13f) and LSEC porosity (av. 7.036% vs 2.113%, 

p = 0.0002, Figure 13g) were significantly decreased. However, aDer addi*onal 30 minutes 

(90 min total), the effects were not more pronounced as there was no significant difference 

in both fenestrae frequency and LSEC porosity between cells incubated for 60 minutes and 

90 minutes. The fenestrae diameter remained constant throughout all condi*ons. 

In summary, SEMA3A-Fc reduces LSEC fenestra*ons in a *me- and concentra*on-

dependent manner. 
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Figure 13. SEMA3A defenestrates LSECs in a concentraGon- and Gme-dependent manner. 
a General workflow for LSEC experiments. Illustra8ons by Sydney Balkenhol. b SEM images of LSECs treated for 1 hour 
with SEMA3A-Fc and/or IgG2a-Fc. Brightness and contrast have been adjusted to enhance visibility. The fenestrae were 
colorized with a digital charcoal pencil for be@er visualiza8on. Scale bars, 2 μm. c-d Analysis of fenestrae frequency (c), 
LSEC porosity (d), and fenestrae diameter (e) of LSECs treated for 1 hour with SEMA3A-Fc and/or IgG2a-Fc concentra8ons 
as indicated (n = 3 independent LSEC isola8ons). The 1 μg/ml SEMA3A-Fc values are from the experiment shown below. 
f-h Analysis of fenestrae frequency (f), diameter (g) and LSEC porosity (h) of LSECs treated with 1 μg/ml SEMA3A-Fc or 
IgG2a-Fc for 30, 60 or 90 min (n = 3 independent LSEC isola8ons). For sta8s8cal analysis a two-tailed paired Student’s t-
test was performed in b, a one-way ANOVA with mul8ple comparisons (Dunne@’s post hoc test) in (c-e), and a two-way 
ANOVA with mul8ple comparisons (Tukey’s post hoc test) in (f-h). For each condi8on, at least 5 images (taken from 
different LSECs) per experiment were analysed. In all graphs data points, mean ± s.e.m. and the p-values are presented. 
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5.2.2. InhibiAng the SEMA3A subdomain of NRP1 ameliorates SEMA3A-induced 

defenestraAon in LSECs 

Neuropilin-1 (NRP1) is a known receptor of SEMA3A; however, it has not yet been 

inves*gated whether it is needed specifically for SEMA3A-induced defenestra*on in mouse 

LSECs. To answer that ques*on, we u*lized three different blocking an*bodies. Those 

an*bodies specifically inhibit binding to the SEMA3A binding domain (NRP1SEMA3A), the 

VEGF binding domain (NRP1VEGF), or both subdomains of NRP1 (NRP1Pan, Figure 14a) and 

were employed to test whether the effect of SEMA3A on fenestrae can be abrogated by 

preven*ng its interac*on with NRP1. 

Hence, isolated mouse LSECs were cultured for 4 hours, simultaneously starved and 

incubated with the above-men*oned an*bodies for 1 hour, and then treated with 2 µg/ml 

of SEMA3A-Fc or IgG2a-Fc (control) for 1 hour. ADerwards, cells were prepared for SEM 

imaging and analysed using the previously described DLW. Results show, that upon only 

inhibi*ng the VEGF binding domain of NRP1, SEMA3A-Fc resulted in a significant decrease 

of both fenestrae frequency (av. 1.231 µm-2 vs 0.549 µm-2, p = 0.0062, Figure 14c) and LSEC 

porosity (av. 3.95% vs 1.79%, p = 0.0006, Figure 14d), while the fenestrae diameter 

remained unchanged (Figure 14e). Inhibi*on of either the SEMA3A binding domain or both 

subdomains eliminated the defenestra*ng effect of SEMA3A-Fc as the fenestrae frequency 

was not altered and LSEC porosity was increased (av. 3.404% vs 4.631%, p = 0.0348, Figure 

14d). The fenestrae diameter remained unchanged (Figure 14e).  

To summarize our findings, SEMA3A-Fc-induced defenestra*on appears to rely on the 

binding of SEMA3A to NRP1.  
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Figure 14. InhibiGng the SEMA3A subdomain of NRP1 ameliorates SEMA3A-induced defenestraGon in mouse LSECs. 
a Schema8c illustra8on of the NRP1 receptor and the binding sites of the an8-NRP1VEGF, an8-NRP1SEMA3A or an8-NRP1pan 
an8bodies. Illustrated by Sydney Balkenhol, inspired by Pan et al.223 b SEM images of LSECs first treated with an8-NRP1VEGF, 
an8-NRP1SEMA3A or an8-NRP1pan for 1 hour and subsequently with either SEMA3A-Fc or IgG2a-Fc for 1 hour. Brightness 
and contrast have been adjusted to enhance visibility. The fenestrae were colorized with a digital charcoal pencil for be@er 
visualiza8on. Scale bar = 500 nm. c-e, Analysis of fenestrae frequency (c), LSEC porosity (d), and fenestrae diameter (e) of 
LSECs that were first treated with either an8-NRP1VEGF, an8-NRP1SEMA3A or an8-NRP1pan for 1 hour, and subsequently 
treated with either SEMA3A-Fc or IgG2a-Fc for 1 hour. For sta8s8cal analysis a two-way ANOVA with mul8ple comparisons 
(Tukey’s post hoc test) was performed. For each condi8on, at least five images (taken from different LSECs) were analyzed 
per experiment (n = 5 independent LSEC isola8ons). In all graphs data points, mean ± s.e.m., and the p-values are 
presented. 
 

5.2.3. Kinase acAvity profiling of SEMA3A downstream signalling in LSEC 

ADer showing that NRP1 is essen*al for SEMA3A-induced defenestra*on in LSECs (Figure 

14), we performed kinase ac*vity profiling (KAP) in order to get a more in-depth 

understanding of how SEMA3A affects fenestra*ons and thus the ac*n-cytoskeleton. To this 

end, we isolated mouse LSECs and performed a KAP of IgG2a-Fc versus SEMA3A-Fc treated 

LSECs measuring overall kinase ac*vity of 196 protein tyrosine kinases (PTKs) and 144 

serine-threonine kinases (STKs) using the PamChip® technology. Here, sample lysates are 

applied onto a porous membrane containing immobilized phosphoryla*on sites (hence 

referred to as phosphosites) on its surface. Those phosphosites are pep*de representa*ons 

of kinase targets/substrates. If those phosphosites are phosphorylated, a fluorescent 

an*body can bind to the phosphosite and a signal can be detected which is used to analyse 
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kinase ac*vity. The analysis of the samples and sta*s*cal evalua*on was performed solely 

by PamGene.  

A heatmap shows that SEMA3A-Fc treatment generally resulted in higher kinase ac*vity 

(Figure 15a) and a PCA (principal component analysis) iden*fied the control condi*on of 

biological replicate 4 as an outlier which was therefore excluded from further analysis 

(Figure 15b). An MTvC (mul*ple treatment versus control) volcano plot iden*fied 31 kinase 

targets via t-test which were differen*ally phosphorylated aDer SEMA3A treatment (Figure 

15c). Of those 31 kinase targets, the most interes*ng ones regarding ac*n-dynamics were 

CREB1 (cAMP response element-binding protein), NFkB (nuclear factor kappa b), TY3H 

(tyrosine 3-monooxygenase), CAC1C (Voltage-dependent L-type calcium channel subunit 

alpha-1C), and M-CSF (Macrophage colony-s*mula*ng factor 1 receptor)95,265-270. 

Subsequently, an upstream kinase analysis (UKA) was performed to predict which kinases 

were most likely responsible for the differen*al phosphoryla*on of the phosphosites. 

Iden*fied kinases are presented in a CORAL kinome tree which shows that most kinases 

with a higher ac*vity are from the AGC (protein kinase A, G, and C) kinase family271. A total 

of 54 STKs belonging to different STK families were iden*fied to be ac*vated by SEMA3A 

(Figure 15d, Supplementary Table 1, Supplementary Table 2), whereas PTKs were largely 

unaffected. Of those STKs, several could be iden*fied which can indirectly exert an effect 

on the ac*n cytoskeleton; PKCa (Protein kinase C alpha95), PAK1 (p21 (RAC1) ac*vated 

kinase 1221), ROCK2 (rho-associated, coiled-coil-containing protein kinase 2272), Akt1 

(RAC(Rho family)-alpha serine/threonine-protein kinase273), vasodilator-s*mulated 

phosphoprotein (VASP)274, AMPK (5'-AMP-ac*vated protein kinase cataly*c subunit alpha-

1275), IKKa/b (Inhibitor of nuclear factor kappa-B kinase subunit alpha/beta265,266), and 

p70S6Kb (Ribosomal protein S6 kinase beta-1276). ROCK2 and PAK1 are both known 

ac*vators of LIMK1 (LIM domain kinase 1) which can affect the polymeriza*on of ac*n 

through phosphoryla*on of cofilin-1277,278.  

In summary, SEMA3A-Fc results in the ac*va*on of mul*ple kinases of which several are 

known modulators of the ac*n-cytoskeleton.  

 

 

 



Results  

 
 

55 

 
Figure 15. Kinase acGvity profiling.  
a The heatmap shows S100-QC_log transformed values (signal at 100ms (exposure 8me scaled data), pep8des that passed 
QC, log2 transformed) of the integrated signal. Each row is a phosphosite and each column is a PamChip array. Rows are 
sorted by row mean and only include phosphosites which passed the quality control (QC). Red corresponds with a higher 
and blue with a lower kinase ac8vity. b PCA plot of STK data. The numbers 1-6 represent the number of samples, whereas 
each sample has been given a colour as indicated by the legend. c MTvC (mul8ple treatments versus control) volcano plot 
of SEMA3A-Fc versus IgG2a-Fc. Red indicates a significantly different phosphoryla8on. d Kinase ac8vity profiling a4er the 
UKA with a median final score of >1.2 taken as the threshold cutoff. For this assay, MACS-isolated mouse LSECs were 
treated with 1 μg/ml SEMA3A-Fc or IgG2a-Fc for 10 min. The data are visualized using a CORAL Kinome tree, where the 
colour of a branch indicates the kinase family, the node colour indicates the kinase sta8s8c and the node size indicates 
the mean final score (mean specificity score + mean significance score). TK, tyrosine kinase group; CMGC, CDK, MAPK, 
GSK and CK2 kinase group; TKL, tyrosine kinase-like (TKL) group; STE, STE group kinases; CK1, casein kinase 1; AGC, protein 
kinase A, G and C group; CAMK, calcium/calmodulin-regulated kinase group; ABC1, ABC1 domain containing kinase; Alpha, 
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alpha kinase group; Brd, bromodomain proteins; PDHK, pyruvate dehydrogenase kinase group; PIKK, phospha8dyl inositol 
3ʹ kinase-related kinase group; RIO, RIO kinase group; TIF1, transcrip8onal intermediary factor 1. (a-c) were provided by 
PamGene, (d) was made using the CORAL web applica8on2.  
 
 

5.2.4. Cofilin-1 phosphorylaAon is increased upon SEMA3A treatment 

The kinase ac*vity profiling revealed that two direct ac*vators of LIMK1, a kinase which 

catalyses the phosphoryla*on of cofilin-1 at the serine3 residue, were ac*vated by 

SEMA3A-Fc (Figure 16a). Cofilin-1 has been reported to depolymerise F-ac*n and to 

contribute to a dynamic ac*n-cytoskeleton, however, upon phosphoryla*on cofilin-1 is 

inac*vated221. Here, we inves*gated whether SEMA3A-Fc results in an increase of 

phosphorylated cofilin-1 (p-S3-cofilin-1) in rela*on to total cofilin-1 and whether this event 

can be repressed by LIMK1 inhibi*on. 

To this end, isolated mouse LSECs were starved and pre-treated with either DMSO or      

LIMKi 3, a potent LIMK1 inhibitor279. Next, cells were treated with 1 µg/ml of SEMA3A-Fc or 

IgG2a-Fc for 1 hour before harves*ng protein and performing western blot analysis. The 

results show that upon SEMA3A-Fc treatment, the p-S3-cofilin-1 to cofilin-1 ra*o was 

tenden*ally increased (av. 1.023 vs 1.237, p = 0.073, Figure 16b). If, however, the cells were 

pre-treated with LIMKi 3, the p-S3-cofilin-1 to cofilin-1 ra*o returned below the base level 

and was significantly lower compared to both the SEMA3A-Fc and control condi*ons (av. 

1.237 vs 0.643, p = 0.0354; 1.023 vs 0.643, p = 0.0387, Figure 16b).  

To conclude, SEMA3A-Fc appears to increase the phosphoryla*on of cofilin-1 through 

ac*va*on of LIMK1. 

 

 
 
2 h#p://phans>el-lab.med.unc.edu/CORAL/ 

http://phanstiel-lab.med.unc.edu/CORAL/
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Figure 16. SEMA3A/LIMK1/cofilin-1 pathway.  
a Schema8c illustra8on of SEMA3A signaling through NRP1 and plexins. Upon SEMA3A binding to NRP1, NRP1 forms a 
holoreceptor complex with a plexin which acts as the signal transducing unit. Through a signaling cascade, LIMK1 is 
ac8vated which catalyzes the phosphoryla8on of cofilin-1. Cofilin-1 is an ac8n depolymeriza8on factor which is de-
ac8vated upon phosphoryla8on at its serine3 (S3). Thus, less ac8n is depolymerized, resul8ng in a less dynamic ac8n-
network, and subsequently, fewer fenestrae. Illustrated by Sydney Balkenhol. b Western blots of mouse LSEC protein 
lysates (n = 5 independent LSEC isola8ons). LSECs were pretreated with either DMSO or LIMKi 3, a LIMK1 inhibitor, and 
then treated with either SEMA3A-Fc or IgG2a-Fc. For the analysis, cofilin-1 and p-S3-cofilin-1 were normalized to GAPDH 
and then put into rela8on of each other (p-S3-cofilin-1 to cofilin-1). For sta8s8cal analysis a one-way ANOVA with mul8ple 
comparisons (Tukey´s post hoc test) was performed. In the graph data points and p-values are presented. 
 
 

5.2.5. LIMK1 inhibiAon impedes SEMA3A-induced defenestraAon in mouse LSECs 

ADer showing that SEMA3A-Fc promotes phosphoryla*on of cofilin-1 through ac*va*on of 

LIMK1 (Figure 16), we were now interested whether inhibi*on of LIMK1 and therefore 

ameliora*on of SEMA3A-induced cofilin-1 phosphoryla*on would protect LSECs from 

SEMA3A-induced defenestra*on. For this purpose, MACS-isolated mouse LSECs were 

cultured for 4 hours and starved and pre-treated with either DMSO or LIMKi 3, a potent 

LIMK1 inhibitor for 1 hour. Next, cells were treated with 1 µg/ml of SEMA3A-Fc or IgG2a-Fc 

for 1 hour before cells were prepared for SEM imaging and analysed using the previously 

described DLW. 

As to be seen in Figure 17a treatment with SEMA3A-Fc resulted in the appearance of less 

fenestra*ons, while pre-treatment with LIMKi 3 abrogated that effect. Analysis of SEM 

images revealed a significant decrease of both fenestrae frequency (av. 1.937 µm-2 vs 0.795 

µm-2, p = 0.0017, Figure 17b) and LSEC porosity (av. 6.22%5 vs 2.607%, p = 0.0352, Figure 
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numerically higher compared to the SEMA3A-treated cells (av. 2.607% vs 4.859%, p = 

0.2163, Figure 17c). The fenestrae diameter remained unchanged throughout all condi*ons 

(Figure 17d).  

In conclusion, inhibi*on of LIMK1 can, to a certain extent, protect mouse LSECs from 

SEMA3A-induced defenestra*on.  

 

 
Figure 17. LIMK1 acGvity is required for SEMA3A-induced defenestraGon of mouse LSECs. 
a SEM images of mouse LSECs pretreated with either DMSO or LIMKi 3 and then treated with either SEMA3A-Fc or IgG2a-
Fc. The fenestrae were colorized with a digital charcoal pencil for be@er visualiza8on. Scale bar, 1 = μm. Brightness and 
contrast have been adjusted to enhance visibility. b-d Analyses of fenestrae frequency (b), LSEC porosity (c), and fenestrae 
diameter (d) of mouse LSECs pretreated with LIMKi 3 or DMSO and subsequently treated with SEMA3A-Fc or IgG2a-Fc. 
For each condi8on, 10 images (taken from different LSECs) were analyzed (n = 5 LSEC isola8ons). For sta8s8cal analysis, a 
one-way ANOVA with mul8ple comparisons (Tukey’s post hoc test) was performed. In all graphs data points, mean ± s.e.m., 
and the p-values are presented. 
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Hence, human LSECs were treated with 0.75 mM palmi*c acid and BSA (control) for 24 

hours and subsequently, their F-ac*n fibres were analysed using laser scanning microscopy 

(LSM) and the F-/G-ac*n ra*o was measured. This ra*o reflects to a certain extend how 

dynamic the ac*n-network is, whereas more F-ac*n points to more ac*n-polymerisa*on. 

For this, the G-ac*n / F-ac*n In Vivo Assay Kit from Cytoskeleton Inc. was u*lized. Further, 

human LSECs were treated with 0.5 mM palmi*c acid for 2, 6, 18, and 24 hours aDer which 

RT-qPCR was performed. Lastly, MACS-isolated mouse LSECs were cultured for 4 hours, 

starved for 1 hour, and treated with 2 µg/ml of either SEMA3A-Fc or IgG2a-Fc (control). 

Subsequently, the F-/G-ac*n ra*o was measured as aforemen*oned.  

Results show that upon palmi*c acid treatment there was a visible increase of F-ac*n stress 

fibres in human LSECs which resulted in a significantly higher fluorescence of phalloidin-

stained F-ac*n compared to the BSA-treated control (av. 1.548 x 106 vs 2.830 x 106, p = 

0.0101, Figure 18a, b). This was also reflected in the F-/G-ac*n ra*o, which was tenden*ally 

higher aDer palmi*c acid treatment compared to the control, and on average increased by 

69% (av. 0.169 vs 0.286, p = 0.059, Figure 18c,). Upon palmi*c acid treatment, the rela*ve 

SEMA3A transcript abundance was significantly increased aDer both 18 and 24 hours 

compared to the control (av. 0.974 vs 1.994, p = 0.0006; 0.974 vs 3.748, p = 0.0001, Figure 

18d). Lastly, in mouse LSECs, treatment with SEMA3A-Fc resulted on average in a significant 

46% increase of the F-/G-ac*n ra*o (p = 0.0407, Figure 18e). It should be noted that upon 

the control treatment (IgG2a-Fc) each sample presented with a double band which could 

not be explained (Supplementary Figure 1). For the analysis, only the band at the same 

height as the standard was used for the analysis. Addi*onally, the lysates from one mouse 

presented with protein concentra*ons that were outside of the standard curve and were 

therefore excluded for further analysis (Supplementary Figure 1), while the rest of the 

lysates had sufficient protein quan**es. 

To conclude, treatment of human LSECs with palmi*c acid results in increased stress fibre 

forma*on and increased SEMA3A expression while treatment of mouse LSECs with 

SEMA3A-Fc results in a significant increase of the F-/G-ac*n ra*o.  
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Figure 18. Effects of palmiGc acid and SEMA3A-Fc on the acGn-cytoskeleton in human and mouse LSECs. 
a Phalloidin staining of human LSECs (52 years old, male donor: QC-12B15F11) treated with BSA or 0.75 mM palmi8c acid 
for 24 h, scale bars = 20 μm. Cell nuclei were stained with DAPI. Brightness and contrast have been adjusted to enhance 
visibility. Images were taken with a Zeiss LSM 780. b Densiometric quan8fica8on of ac8n fluorescence. A two-tailed 
unequal variances t-test was used to test for sta8s8cal significance, n = 6 images of 1 cell culture experiment. c F-/G-ac8n 
ra8o of human LSECs treated with either BSA or 0.75 mM palmi8c acid for 24 hours as assessed by the G-ac8n / F-ac8n In 
Vivo Assay Kit from Cytoskeleton Inc. For sta8s8cal analysis, a two-tailed unequal variances t-test was performed. n = 4 
wells of 1 cell culture experiment. d Rela8ve SEMA3A expression in primary human LSECs a4er 2 (n = 5 wells), 6 (n = 6 
wells), 18 (n = 4 wells), and 24 hours (n = 5 wells) a4er 0.5 mM palmi8c acid treatment versus a 2-hour BSA treatment (n 
= 4 wells). A one-way ANOVA with Dunne@’s post hoc test was used to test for sta8s8cal significance. e F-/G-ac8n ra8o of 
mouse LSECs treated with 2 µg/ml of either IgG2a-Fc or SEMA3A-Fc for 1 hour as assessed by the G-ac8n / F-ac8n In Vivo 
Assay Kit. For sta8s8cal analysis, a paired Student’s t-test was performed, n = 3 mice in 1 independent experiment were 
analyzed. The treatment of human LSECs in (a) was performed by Dr. Daniel Eberhard. The data and the underlying 
experiments in (d) were obtained from and performed by Daniel Eberhard and Andrea Köster. In all graphs, data points, 
mean ± s.e.m. (except for e) and the p-values are presented.  
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5.3. The role of Sema3a in the development of MASLD 

5.3.1. Male db/db mice present with reduced LSEC fenestraAons and porosity 

Db/db mice are a frequently used mouse model for hepa*c steatosis, despite being more 

commonly used for/associated with T2D280. Db/db mice develop steatosis, with a NAS (non-

alcoholic faGy liver disease ac*vity score) of 3-4, at an age of 12 weeks280. To the best of 

our knowledge, no one has yet inves*gated fenestrae in db/db mice, and we were therefore 

interested whether male and/or female db/db mice have less fenestrae compared to db/+ 

mice and might thus be a suitable mouse model for MASLD-induced LSEC defenestra*on. 

Addi*onally, foregoing experiments have revealed that in LSECs from 12-week-old db/db 

mice Sema3a expression is significantly increased (Supplementary Figure 6).  

To this end, the livers of 10-week-old male db/db and db/+ mice, and 9 to 11-week-old 

female db/db and db/+ mice, were perfused and analysed with SEM and a WEKA 

classifier/Fiji regarding their fenestrae number and size. The analysis revealed a numerically 

lower fenestrae frequency (av. 9.712 µm-2 vs 8.248 µm-2, p = 0.4609, Figure 19b), LSEC 

porosity (av. 6.435% vs 5.099%, p = 0.3025, Figure 19c) and fenestrae diameter (av. 118.1 

nm vs 112.8 nm, p = 0.3601, Figure 19d) in female db/db mice compared to db/+ mice. We 

also no*ced the appearance of several small globular specimens in the sinusoids of female 

db/db mice, which may represent chylomicrons (Figure 19a). Male db/db mice on the other 

hand had a tenden*ally decreased fenestrae frequency compared to db/+ mice (av. 23.87 

µm-2 vs 19.46 µm-2, p = 0.0739, Figure 20b) and a significantly, 36% decreased LSEC porosity 

(av. 8.198% vs 5.269%, p = 0.0066, Figure 20c). Interes*ngly, their fenestrae diameter was 

also slightly decreased (av. 88.27 nm vs 78.19 nm, p = 0.0756, Figure 20d). Similar to the 

female db/db mice several small globular specimens were visible in the sinusoids of male 

db/db mice (Figure 20a). Furthermore, as expected, male db/db mice had significantly 

increased body weight (av. 25.78 g vs 45.34 g, p = 0.0002, Figure 20e) and blood glucose 

(av. 120.4 mg/dl vs 323.2 mg/dl, p = 0.0002, Figure 20f) compared to db/+ mice. A 

correla*on analysis showed that both weight and blood glucose strongly correlated with 

fenestrae frequency  (r = -0.62, p = 0.053; r = -0.48, p = 0.163, Figure 20g) and diameter (r 

= -0.60, p = 0.068; r = -0.76, p = 0.011, Figure 20g), as well as LSEC porosity (r = -0.85, p = 

0.002; r = -0.83, p = 0.003  Figure 20g). A PCA (principal component analysis) illustrates 

those effects as db/db and db/+ mice form two dis*nct clusters (Figure 20h).  
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To conclude, male, but not female, db/db mice have significantly less and smaller fenestrae 

compared to db/+ mice, which nega*vely correlates with their weight and blood glucose. 

Therefore, male db/db mice are an appropriate in vivo model for steatosis/MASLD-induced 

LSEC defenestra*on.  

 

 
Figure 19. Female db/db mice present with numerically reduced fenestraGons and porosity. 
a SEM images from sinusoids of 9 to 11-week-old female db/+ and db/db mice. Scale bars = 1 µm. b-d Analysis of liver 
sinusoids from female db/+ and db/db mice, regarding their fenestrae frequency (b), LSEC porosity (c), and fenestrae 
diameter (d), n = 5 (db/+) and 4 (db/db). For sta8s8cal analysis a two-tailed unequal variances t-test was performed. In all 
graphs data points, mean ± s.e.m., and the p-values are presented. 
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Figure 20. Male db/db mice present with reduced fenestraGons and porosity.  
a SEM images from sinusoids of 10-week-old male db/+ and db/db mice. Scale bars = 1 µm. b-d Analysis of liver sinusoids 
from db/+ and db/db mice, regarding their fenestrae frequency (b), LSEC porosity (c), and fenestrae diameter (d). e Body 
weight and f blood glucose of db/+ versus db/db mice (n = 5 mice/genotype). g Correla8on matrix showing Pearson 
correla8on coefficients for pairwise comparisons between the variables weight, blood glucose, fenestrae frequency and 
diameter, and LSEC porosity in the combined cohort of db/db and db/+ mice. For sta8s8cal analyses in (b-f) a two-tailed 
unequal variances t-test was performed. In all graphs data points, mean ± s.e.m., and the p-values are presented. h 
Principal component analysis of fenestrae frequency, fenestrae diameter, LSEC porosity, blood glucose, and body weight 
from db/+ and db/db mice. PC scores and biplot are presented. 
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5.3.2. Blocking SEMA3A binding to NRP1 in db/db mice slightly affects hepaAc steatosis 

Since male db/db mice presented with decreased LSEC porosity (Figure 20) as well as 

increased Sema3a expression (Supplementary Figure 6), they are a suitable in vivo model 

for steatosis-induced LSEC defenestra*on. Here, we wanted to test the therapeu*cal value 

of SEMA3A inhibi*on regarding the reversal of defenestra*on and reduc*on of hepa*c 

steatosis. 

For that purpose, 10-week-old male db/db mice were treated with an an*body which is 

designed to specifically abrogate the binding of SEMA3A to NRP1 but not impede VEGF-A 

binding223. Mice received intravenous injec*ons of the an*body or an IgG2a isotype control 

every third day for 16 days. Results show that at the end of week two, the NRP1SEMA3A-

treated mice weighed significantly less than the IgG2a-treated (control) mice (av. 48.03 g 

vs 42.93 g, 0.0271, Figure 21a), however, at day 16, there was only a tenden*al difference 

between the two groups (av. 46.67 g vs 43.14 g, p = 0.0769, Figure 21a). Despite the blood 

glucose of the NRP1SEMA3A-treated mice always being numerically higher, there was no 

significant difference (Figure 21b). The liver-to-body weight ra*o was numerically increased 

in the NRP1SEMA3A -treated mice (av. 5.633% vs 5.851%, p = 0.3187, Figure 21d), while the 

kidney to body weight ra*o was tenden*ally increased (p = 0.0505, Supplementary Figure 

8) and the spleen to body weight ra*o was tenden*ally decreased (p = 0.0868, 

Supplementary Figure 8). Upon inves*ga*ng blood lipid parameters, NRP1SEMA3A-treated 

mice had significantly more TGs (av. 0.878 mmol/l vs 1.380 mmol/l, p = 0.0242, Figure 21e) 

and numerically more non-esterized faGy acids (NEFA) (av. 1.16 mmol/l vs 1.37 mmol/l, p = 

0.2257, Figure 21j) in their blood compared to the control mice, while cholesterol, high-

density lipoprotein (HDL), AST, and ALT remained unchanged (Figure 21f-i). Analysis of TGs 

in the livers revealed slightly, yet not significantly less TGs in the livers of NRP1SEMA3A-treated 

mice (av. 84.89 µM/mg vs 65.40 µM/mg, p = 0.2096, Figure 21k). Lastly, densiometric 

quan*fica*on of ORO stainings of the liver showed numerically less lipids in the livers of 

NRP1SEMA3A-treated mice (av. 0.224 vs 0.197, p = 0.3167, Figure 21l).  

In total, short-term inhibi*on of SEMA3A binding to NRP1 in male db/db mice mildly, but 

not defini*vely, improved hepa*c steatosis.  
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Figure 21. Blocking SEMA3A binding to NRP1 in db/db mildly affects hepaGc steatosis.  
a-d Body weight, blood glucose, liver weight, and liver to body weight ra8o of male db/db mice (n = 6-8). e-i Serum 
transaminases and lipid profile of NRP1SEMA3A or IgG2a (control) treated db/db mice, n = 6 (control) and n = 8 (NRP1SEMA3A). 
j NEFA measurement (n = 6-8). k Biochemical liver triglyceride (TG) measurement (n = 6 (control) and 8 (NRP1SEMA3A)). l 
Densiometric quan8fica8on of liver ORO staining. In (a, b) mul8ple unpaired t-tests with a two-stage step-up method 
according to Benjamini, Krieger and Yeku8eli was used to correct for mul8ple comparisons and to detect significant 
discoveries, in (c-l) an unequal variances t-test was performed for sta8s8cal analyses. The data and the underlying assays 
in j-l were obtained from and performed by Daniel Eberhard. In all graphs data points, mean ± s.e.m., and p-values are 
presented. 
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steatosis and DIO, both groups were given a high-fat diet (HFD) over the course of 20 weeks 

in total. Specifically, aDer 10 weeks of HFD, tamoxifen was administered for 5 days 

successively. Recombina*on efficiency was confirmed by PCR and gel electrophoresis247. 

Meanwhile, the body weight was assessed regularly, and aDer 8 weeks, a VLDL secre*on 

assay was performed. Hence, we injected mice the lipoprotein lipase (LPL) inhibitor Triton 

WR1339 and measured TGs (as a proxy for VLDL) in the blood over *me281. Furthermore, a 

liver perfusion was performed to evaluate sinusoidal fenestra*on and a blood serum 

analysis to measure insulin, glucose, and free faGy acids (FFAs).  

The weight data confirms DIO and, excluding the days where tamoxifen was administered, 

shows a steady increase in weight in both groups (Figure 22a). The iECSema3a mice, however, 

gained weight considerably slower aDer tamoxifen was given throughout weeks 15 to 20 

(Figure 22a). Further, aDer 20 weeks, iECSema3a mice had a tenden*ally reduced liver weight 

(av. 2.187 g vs 1.530 g, p = 0.0747, Figure 22b) and liver-to-body weight ra*o (av. 4.418% 

vs 3.610,% p = 0.0826, Figure 22c). The VLDL secre*on assay at week 18 revealed a 

significantly slower release of VLDL from the liver into the bloodstream aDer 6 hours in iECwt 

compared to iECSema3a mice (av. 364.1 mg/dl vs 593.9 mg/dl, p = 0.0015, Figure 22d). SEM 

analysis of liver sinusoids shows that iECSema3a mice had tenden*ally 80% more (av. 6.96 µm-

2 vs 12.55 µm-2, p = 0.0808, Figure 22f), yet smaller fenestra*ons than iECwt mice (av. 140.1 

nm vs 109.2 nm, p = 0.0564, Figure 22h). Further, iECSema3a mice had significantly decreased 

insulin levels (av. 6.058 ng/ml vs 3.318 ng/ml, p = 0.0480, Figure 22i) as well as a reduced 

HOMA-IR (av. 100 vs 57.64, p = 0.1303, Figure 22j) and Adipo-IR (av. 100 vs 40.15, p = 

0.0300, Figure 22k). Correla*on analysis reveals, similarly to db/db mice, a strong, nega*ve 

correla*on between weight and both fenestrae frequency (r = -0.79, p = 0.007, Figure 22l) 

and LSEC porosity (r = -0.7, p = 0.023, Figure 22l), while the fenestrae diameter correlated 

posi*vely with weight (r = +0.84, p = 0.002, Figure 22l). Strikingly, weight and blood glucose 

did not correlate to each other (r = +0.01, Figure 22l), while the VLDL secre*on aDer six 

hours correlated nega*vely with weight (r = -0.48, p = 0.025, Figure 22l) and posi*vely with 

LSEC porosity (r = +0.53, p = 0.115, Figure 22l).  

In summary, long-term gene*c dele*on of Sema3a in the seeng of DIO shows a posi*ve 

effect on weight and sinusoidal fenestra*ons, ul*mately resul*ng in improved VLDL 

secre*on.  
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Figure 22. Lower hepaGc fat content and increased fenestraGons in DIO iECSema3a mice compared to DIO iECwt mice.  
Analysis of Cdh5-CreERT2 × Sema3afl/fl (iECSema3a) and Cdh5-CreERT2 (iECwt) mice kept on HFD for 20 weeks (with tamoxifen 
injec8ons on 5 consecu8ve days a4er 10 weeks of HFD). a Body weight, n = 12 (iECwt) and 11 (iECSema3a) mice, a repeated 
measures two-way ANOVA with a Sidak´s post hoc test was used to test for sta8s8cal significance. b Liver weight, and c 
rela8ve liver weight (% of BW), n = 4 (iECwt) and 5 (iECSema3a) mice. For sta8s8cal analysis in (b-c) two-tailed unequal 
variances t-tests were performed. d Measurement of VLDL (TG) secre8on a4er injec8on of WR1339 (n = 12 (iECwt) and 11 
(iECSema3a) mice), a4er 18 weeks HFD (8 weeks a4er Sema3a dele8on by tamoxifen). For sta8s8cal analysis a two-way 
repeated measurements ANOVA with Sidak´s post hoc test was performed. e-h SEM analysis of liver sinusoids from iECwt 
and iECSema3a mice, regarding their fenestrae frequency (f), LSEC porosity (g), and fenestrae diameter (h). Scale bars = 1 
µm (large images) and 500 nm (inlays). For sta8s8cal analysis an unequal variances t-test was performed. i Serum insulin, 
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n = 4 (iECwt) and 5 (iECSema3a). j HOMA-IR, n = 3 (iECwt) and 5 (iECSema3a). k Adipo-IR, n = 4 (iECwt) and 5 (iECSema3a). For 
sta8s8cal analysis in (i-k) a two-tailed unequal variances t-test was performed. l Correla8on matrix showing Pearson 
correla8on coefficients for pairwise comparisons between the variables body weight, blood glucose, VLDL secrre8on at 
hour 6, fenestrae frequency and diameter, and LSEC porosity. In all graphs data points, mean ± s.e.m., and the p-values 
are presented. The data and the underlying experiments in a-d, i-k were obtained from and performed by Daniel Eberhard. 
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6. Discussion 
The aim of this thesis was to inves*gate the role of SEMA3A in LSEC defenestra*on and the 

poten*al impact on the progression and manifesta*on of hepa*c steatosis. In vitro, we 

were able to show that MACS is a reliable method to isolate fenestrated LSECs without 

magne*c beads interfering with subsequent quan*fica*on of fenestrae (Figure 10). In order 

to simplify the quan*fica*on of fenestrae, we developed a deep learning workflow which 

allows us to count and measure fenestrae in an unbiased and quick manner (Figure 11), and 

were able to show that culture dependent loss of fenestra*on occurs aDer 24 hours (Figure 

12). While short-term SEMA3A-treatment did not alter cell size or ATP-levels (Figure 12), 

we were able to demonstrate that it decreases fenestrae in a concentra*on- and *me-

dependent manner (Figure 13). Regarding the mechanism of ac*on, we iden*fied NRP1 as 

the main receptor of SEMA3A in LSECs (Figure 14), and, by using kinase ac*vity profiling, 

found several differen*ally ac*ve kinases which can affect the ac*n cytoskeleton (Figure 

15), specifically, PAK1 and ROCK2. Both can ac*vate LIMK1, a kinase which phosphorylates 

and thus inac*vates cofilin-1, an ac*n depolymerisa*on factor. To confirm involvement of 

cofilin-1, we performed western blot analysis and found that SEMA3A induces cofilin-1 

phosphoryla*on (Figure 16), a process which could be ameliorated by LIMK1 inhibi*on. 

Addi*onally, LIMK1 inhibi*on abrogated SEMA3A-induced defenestra*on in mouse LSECs 

(Figure 17). Treatment of human LSECs with palmi*c acid showed visible effects on the F-

ac*n cytoskeleton, i.e. an increase of the F-/G-ac*n ra*o (Figure 18). Moreover, palmi*c 

acid induced SEMA3A transcrip*on in human LSECs, and SEMA3A itself was able to increase 

the F-/G-ac*n ra*o in mouse LSECs (Figure 18).  

In vivo, we demonstrated the suitability of male db/db mice as a viable model for 

defenestra*on in the seeng of early hepa*c steatosis as those mice presented with a 

reduced fenestrae frequency and LSEC porosity (Figure 19, Figure 20). Lastly, short-term 

inhibi*on of SEMA3A binding to NRP1 in db/db mice affected hepa*c steatosis mildly, but 

not significantly (Figure 21), while long-term gene*c interven*on via inducible, endothelial 

cell-specific dele*on of Sema3a in DIO mice resulted in reduced macrovesicular steatosis 

and body weight, as well as an increase of VLDL secre*on and LSEC fenestra*on (Figure 22). 

Thus, this study reveals how SEMA3A, saturated faGy acids, and DIO induce changes in the 

LSEC phenotype by manipula*on of the F-ac*n cytoskeleton, i.e. loss of fenestrae, and 
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highlights the posi*ve effect of SEMA3A inhibi*on/Sema3a abla*on on LSEC fenestra*on 

in the seeng of early MASLD (Figure 23).  

 

6.1. LSEC and fenestrae: establishment of quality and analysis 

6.1.1. MACS isolaAon yields viable LSECs with saAsfactory purity 

Magne*c-ac*vated cell sor*ng (MACS) is an established method to isolate a specific cell 

type using an*bodies coupled to magne*c beads. Here, we show that it yields viable, and 

thus fenestrated, LSECs without resul*ng in an excessive number of magne*c beads on the 

LSEC surface which might interfere with subsequent fenestrae quan*fica*on (Figure 10). It 

should be men*oned that we can only speculate about which structures specifically are 

magne*c beads, since we were unable to do any tests which would undeniably confirm or 

deny their presence. We merely searched for specimen which fit the size (as given by the 

manufacturer) of magne*c beads and were not part of the cells and/or cellular debris. 

Further, despite a combina*on of an*bodies for separa*on and deple*on having been 

shown to yield a purer LSEC popula*on, the method we used, only employing CD146, s*ll 

yielded viable and fenestrated LSECs, and is a commonly used method resul*ng in both a 

high yield and purity282. In comparison to in vivo measurements, MACS has been shown to 

result in a larger fenestrae diameter in in vitro cultured LSECs, however, since we only 

employed MACS to isolate LSECs, this would be a constant in our experiments87,283. 

In summary, the MACS method yields fenestrated LSECs with liGle contamina*on of 

magne*c beads and is therefore the appropriate method for our experiments. 

 

6.1.2. The deep learning workflow idenAfies and analyses fenestrae with a high accuracy 

In order to simplify the quan*fica*on of fenestrae and also increase the speed of the 

analysis, we developed a deep learning workflow (DLW) which is able to iden*fy and 

measure fenestrae (Figure 11). The analysis with the DLW is significantly quicker than 

manual analysis, e.g. one image with 1,000 fenestrae would approximately take 15 minutes 

manually, whereas the DLW can analyse up to 45 images in the same *me period. Thus, this 

tool allows us to execute more experiments/condi*ons since the *me of analysis is not a 

limi*ng factor anymore. Further, the analysis is unbiased, while manual analysis is 
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performed differently from person to person and can therefore generate inconsistent 

results. It is noteworthy, however, that in order to do an analysis with this tool in the 

aforemen*oned period of *me, access to a supercomputer, i.e. a computer with a high-

level of performance, is advantageous. While normal laptops and PC usually have the 

compu*ng power of 1*1011 FLOPS (floa*ng-point opera*ons per second), supercomputers 

can perform up to 1*1018 FLOPS284. Furthermore, despite the rela*vely high accuracy, this 

tool can certainly be improved via new training data, possibly allowing for a more precise 

iden*fica*on of fenestra*ons. Research has shown that next to the number of data sets, 

the quality in terms of representa*veness of the samples is also important, meaning in this 

case that increasing the number of sample images of LSECs with different numbers, shapes, 

and sizes of fenestrae will most likely improve the accuracy of the DLW285. Furthermore, 

recent advantages regarding ar*ficial intelligence, together with the rapid increase of deep 

neural networks, might help to develop improved, automated analysis-methods in the near 

future286. It also should be noted that in order to analyse fenestrae with this tool, the images 

should be taken with a similar resolu*on and quality, since this tool was trained with images 

of a certain resolu*on. Using images with a lower quality/resolu*on, even though made 

with the same SEM, can result in faulty iden*fica*on of fenestrae. 

Besides, we were not the first to use machine learning for fenestrae iden*fica*on as in 2021 

Szafranska et al. already compared the Ilas*k soDware, a machine learning tool, against the 

manual analysis of fenestrae283. They found that despite a good correla*on between both 

types of analysis (R2 = 0.89 for LSEC porosity, and R2 = 0.63 for fenestrae frequency), the tool 

was unable to dis*nguish between some non-transmembrane protrusions in the cell 

membrane and smaller fenestrae283.  

This fast and unbiased tool, which can be of great use for researchers in the field of 

fenestra*ons, represents an important development as it allows to perform high-

throughput experiments which are not limited by the *me required for the analysis. It also 

shows that neural networks are a promising tool for a more efficient image analysis.  
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6.1.3. MACS-isolated LSECs retain their size and do not lose fenestrae during short-termed 

experiments 

For transferability, human LSECs are the preferred op*on for cell culture experiments, 

however, primary human LSECs lose their fenestra*ons rapidly aDer isola*on, making cell 

culture-based fenestrae research in human LSECs not very accessible (personal 

communica*on with Daniel Eberhard). Further, access to primary human LSECs from 

cadaveric livers is limited by the availability of human ischemic sensi*vity and organ 

accessability287. Despite the availability of several human liver endothelial cell lines, only 

one, i.e. SK Hep1, presents with fenestrae and sieve plates upon VEGF-A treatment 

according to Cogger et al.288. However, the passages analysed in our lab did not respond to 

VEGF-A treatment and showed a low number of fenestrae (data not shown). We therefore 

decided to use primary mouse LSECs for our in vitro experiments. 

Culture dependent loss of fenestra*on is a known phenomenon in primary LSECs which we 

were able to show not yet having taken place during the *me frame (1-2 hours) of our 

experiments (Figure 12)95. The result that LSECs lose their fenestrae aDer 24 hours falls in 

line with previous research which found a more than 60% decrease of LSEC porosity aDer 

24 hours and a more than 90% decrease aDer 48 hours262.  

Since in primary mouse LSECs the cell porosity and fenestrae frequency correlate with the 

cell area, cell contrac*on might influence and falsify the results of experiments. As SEMA3A 

has been shown to increases vascular permeability through the destabilisa*on of VE-

cadherin, which in turn can result in endothelial cell shrinkage, it was important to 

inves*gate whether cells would contract during a 1-hour treatment200,240. The analysis 

reveals no significant changes in cell size, regardless of whether cells were treated with the 

lower or the higher concentra*on of SEMA3A-Fc (Figure 12). Consequently, it is unlikely 

that the treatment with SEMA3A-Fc will affect downstream analysis of fenestrae frequency 

and LSEC porosity or its interpreta*on. In comparison to COS-7 cells and human umbilical 

vein-derived endothelial cells (HUVECs), LSECs appear to be less suscep*ble to SEMA3A-

induced cell contrac*on, as previous studies have found both HUVECs and COS-7 cells to 

shrink aDer a 1-hour treatment, however, in one case a slightly higher quan*ty of SEMA3A 

was used289,290.  
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Lastly, we evaluated the effect of SEMA3A on LSEC viability by performing the CellTiter-Glo 

Assay which is based on the premise that the amount of ATP present in cells is an indicator 

of metabolically ac*ve and therefore viable cells291. ATP is crucial for LSECs to uphold their 

fenestrae, so we wanted to explore the possibility whether SEMA3A can alter fenestra*ons 

via changing ATP levels91,292. Results show that treatment with SEMA3A-Fc does not have 

any visible impact on intracellular ATP levels (Figure 12), however, since the amount of ATP 

in a cell naturally fluctuates, the CellTiter-Glo Assay may not be a very sensi*ve method as 

it only quan*fies the amount of ATP present in the cells at the moment the assay was 

performed. Nevertheless, it might give a first indica*on whether cell viability or 

mitochondrial ac*vity is severely diminished. For a more in-depth evalua*on of the effect 

of SEMA3A on cell viability a cell death assay, e.g. measuring caspase-3 ac*vity or a terminal 

deoxynucleo*dyl transferase dUTP nick end labelling (TUNEL) assay should be performed. 

Due to the easy availability of primary mouse LSECs and their fenestrated phenotype, they 

currently present the best op*on for the development of LSEC-based therapies. As our 

experiments are short-termed, culture dependent loss of fenestra*ons, cell shrinkage or 

reduced intracellular ATP-levels are not likely to interfere with analysis of fenestrae.  

 

6.2. SEMA3A and fenestrae: mechanism of ac7on 

6.2.1. LSEC porosity and fenestrae frequency negaAvely correlate with SEMA3A 

concentraAons 

In the hepa*c sinusoids fenestrae are thought to be important for the bi-direc*onal 

exchange of molecules and lipids between the hepatocytes and the bloodstream263. Their 

loss is an early event in liver diseases such as MASLD which may disrupt the lipid 

metabolism67,102,264. SEMA3A is known to have several physiological func*ons, however, 

recent experiments by Daniel Eberhard indicate that SEMA3A may also play a role in the 

development of MASLD by affec*ng LSEC fenestrae212. Here, we show that LSEC porosity 

and fenestrae frequency nega*vely correlate with SEMA3A concentra*ons, while the 

fenestrae diameter is barely affected (Figure 13). 

As the downstream effects of SEMA3A require between 30 and 60 minutes to trigger the 

closing of fenestrae, it is plausible to assume that SEMA3A does not directly trigger 
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defenestra*on, but rather ac*vates downstream pathways, which may even alter gene 

expression. Furthermore, the fenestrae diameter was unchanged, which might be 

surprising, as when fenestrae are closing, their diameter will decrease, however, fenestrae 

are extremely dynamic structures and the closing of one fenestra can take as liGle as two 

minutes76,97. STED microscopy might help to understand how SEMA3A impacts fenestrae 

dynamics as it allows for high resolu*on live cell imaging98. Another possibility would be 

atomic force microscopy which would also allow for a real-*me assessment of the process 

of defenestra*on ini*ated by SEMA3A76,97. The laGer was first discovered in the context of 

collapsing growth cones of neurons, where it results in ac*n-depolymeriza*on196. Since 

fenestrae are surrounded by a ring of ac*n and myosin, it seems plausible to assume that 

SEMA3A might reduce fenestrae via ac*n-depolymerisa*on20. However, experiments by 

Steffan et al., using ac*n-depolymerisa*on agents such as cytochalasin B, have shown that 

depolymerisa*on or disrup*on of ac*n fibres lead to an increase of fenestra*ons, not a 

decrease293.  

Our experiments show, that SEMA3A is able to regulate fenestra*ons of LSECs, and thus, 

indirectly, might affect the bi-direc*onal exchange of lipids between hepatocytes and the 

bloodstream. Since defenestra*on has been suggested to be an early event in several liver 

diseases, including MASLD, further research regarding the process of defenestra*on might 

be beneficial regarding novel therapeu*cal approaches67,264,294.  

 

6.2.2. NRP1 is required for SEMA3A-induced defenestraAon in mouse LSECs 

Semaphorins can bind to several receptors such as NRP1/2, integrins, and plexins, whereas 

SEMA3A is known to bind to NRP1, which forms a holo-receptor complex with a plexin, the 

laGer ac*ng as the signal-transducing unit209. Our results show that binding of SEMA3A to 

the SEMA3A binding domain but not the VEGF binding domain of NRP1 is crucial for the 

defenestra*ng effect of SEMA3A-Fc (Figure 14). 

VEGF-A and SEMA3A are known compe*tors, and apparently have an antagonis*c effect on 

fenestrae via NRP1. In vitro VEGF-A has been shown to increase fenestrae number and size, 

while we were able to show that SEMA3A reduces fenestra*ons95. Further, disrup*on of 

VEGF-A signalling in mice was found to reduce fenestra*on, while in heterozygous Sema3a 

knock-out mice fenestra*ons were found to be increased247,295. Due to the architecture of 
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the receptor-complex and the necessary interac*on between NRP1 and plexin-A1-4 it is 

unlikely that NRP1 can simultaneously transfer a VEGF signal as binding to VEGFR2 is 

required296. Nonetheless, VEGF might s*ll exert an effect solely through binding to VEGFR2, 

yet, as this is technically possible in all the tested condi*ons, it should not impair the 

results297.  

Despite the possibility of SEMA3A ac*ng independently of NRP1, the level of protec*on via 

inhibi*on of the SEMA3A binding domain suggests that NRP1 is most likely responsible for 

the majority of the phenotype. This is supported by previous research, which shows that 

SEMA3A mediates its effects through NRP1 in several other physiological systems231,244,298. 

Despite NRP2 also being expressed in endothelial cells, the specificity of the an*bodies used 

have been confirmed by Pan et al., making it highly unlikely that the observed effects are 

due to blocking NRP2223,299. Further, several publica*ons state that SEMA3A does not bind 

to NRP2300,301.  

These findings highlight NRP1 as a possible target for inhibi*ng SEMA3A-induced 

defenestra*on, as it might have an ameliora*ng effect towards early stages of MASLD. 

 

6.2.3. Several kinases involved in acAn-dynamics are acAvated by SEMA3A in mouse LSECs 

In order to get insights into the intracellular ac*ons of SEMA3A downstream of NRP1 we 

performed kinase ac*vity profiling (KAP). Here, lysates from LSECs which were treated with 

either SEMA3A-Fc or IgG2a-Fc for 10 minutes were analysed using the PamChip technology 

from PamGene. We chose this incuba*on period since another KAP, where the incuba*on 

period was 60 minutes, did not yield any definite results. We speculated that this *me point 

might represent the phenotypical changes in LSEC fenestra*ons, however, since we were 

more interested in the ini*al changes in kinase ac*vity triggered by SEMA3A, we decided 

on this shorter incuba*on period.  

Results show the differen*al phosphoryla*on of 31 phosphosites and 54 kinases (Figure 

15). Here, we iden*fy several kinase substrates, as represented by the phosphosites, whose 

phosphoryla*on can be associated with contrac*on of the ac*n-network and indirectly 

smaller/less fenestrae. One is TY3H, an enzyme that catalyzes the rate-limi*ng step of L-

tyrosine to L-DOPA, the precursor for dopamine and epinephrine302. Both dopamine and 

epinephrine have been shown to result in a contrac*on of sinusoids and possibly 
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fenestra*ons303-305. CAC1C on the other hand is a subunit of the voltage dependent calcium 

channel Cav1.2 which results in Ca2+ influx, and as a consequence a contrac*le force, 

decreasing fenestrae size95. Interes*ngly, during acute hyperglycaemia and diabetes, 

phosphoryla*on of Cav1.2 by protein kinase A (PKA) has been found to be increased in the 

arteries of diabe*c pa*ents and s*mulate vasoconstric*on in mice268. Lastly, the p50 

subunit of NFkB was also phosphorylated, which is required for efficient DNA-binding306. 

NFkB plays an important role in fibrosis promo*on, subtly linking SEMA3A-induced 

defenestra*on and progression of MASH to fibrosis, highligh*ng the known connec*on 

between LSEC capillariza*on and its promo*on of liver disease/fibrosis95,265,266,307.  

Looking at the results of the upstream kinase analysis, two kinases were of par*cular 

interest, i.e. ROCK2 and PAK1, since those are direct ac*vators of LIMK1221,272,277,278. LIMK1 

has already been shown to be ac*vated by SEMA3A in neurons and human endothelial cells, 

and catalyses the phosphoryla*on of cofilin-1, which is an ac*n depolymeriza*on 

molecule221,278,308. Upon phosphoryla*on cofilin-1 is inac*vated, which can lead to an 

increased F-/G-ac*n ra*o, a state that has been connected with a decrease in 

fenestra*on97,309. Further, several kinases could be iden*fied which can indirectly affect the 

ac*n-network; PKCa95 and PKG 310,311 which can induce a contrac*le force via ac*va*on of 

MLCK95,312 and VASP274, respec*vely, Akt1266,313, which via IKKa/b265,266 can induce NFkB 

signaling and presumably loss of fenestrae266,314, AMPK275 which can induce caveolin 

degrada*on, promo*ng defenestra*on275, and lastly p70S6Kb276 which can inhibit cofilin-

1-induced ac*n depolymeriza*on. For a beGer visualiza*on, we created a hypothesized 

pathway (Figure 23). Interes*ngly, Creeden et al. showed that several of the men*oned 

kinases, such as Akt, PKCa, PKG, and p70S6Kb, were also significantly upregulated in fibrosis 

in both mice and humans315. This suggests a certain congruency of ac*vated pathways 

between SEMA3A downstream signaling and signaling in the seeng of liver injury.  

As expected, SEMA3A triggers a measurable change in kinase ac*vity downstream of NRP1, 

however, although we analysed three independent experiments, individual pathways 

should be validated in autonomous experiments. Nevertheless, the results give a first 

glance of which pathways may be involved. In our case, i.e. SEMA3A signalling downstream 

of NRP1, our most promising target appears to be LIMK1, as two kinases which can ac*vate 

LIMK1 were significantly more ac*ve upon SEMA3A treatment.  
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To conclude, results from the KAP point to LIMK1 and cofilin-1 as promising downstream 

targets for our subsequent experiments, where we focused on the role of LIMK1 in 

SEMA3A-induced defenestra*on of LSECs.  

 

6.2.4. LIMK1 and cofilin-1 phosphorylaAon are required for SEMA3A-induced 

defenestraAon 

Due to the results of the KAP, we were interested whether SEMA3A increases cofilin-1 

phosphoryla*on in LSECs via LIMK1. Analysis reveals a tenden*ally increased ra*o of p-S3-

cofilin-1 to cofilin-1 upon SEMA3A treatment, an effect which is completely abrogated upon 

LIMK1 inhibi*on (Figure 16). Addi*onally, SEM analysis reveals that inhibi*on of LIMK1 

prevents SEMA3A-induced defenestra*on (Figure 17). This strongly suggests that part of 

the effect of SEMA3A on fenestrae is due to cofilin-1 phosphoryla*on via NRP1 and LIMK1, 

presen*ng two novel therapeu*c targets for improving fenestra*ons in a pathological 

seeng. Recently, astaxanthin, a xanthophyll carotenoid, has been shown to improve 

oxida*ve stress and inflamma*on in the seeng of MASLD which was, among many factors, 

due to cofilin-1 downregula*on316,317. Increased cofilin-1 phosphoryla*on might however 

not explain the effect of SEMA3A to its full extent since the increase was not very 

prominent, yet this increase was measured 60 minutes aDer SEMA3A treatment. A shorter 

treatment period as used in the seeng of the KAP might show a stronger increase. Aizawa 

et al. found that cofilin-1 phosphoryla*on was highest aDer a 5-minute SEMA3A treatment 

in mouse dorsal root ganglia (DRG) which also express Nrp1 and Plexin221.  

It is also noteworthy that LIMK1 does not only exert an effect on the cytoskeleton via cofilin-

1 but has also been found to induce microtubule destabiliza*on in HUVECs, a process which 

is associated with ac*n stress fibre forma*on and cell contrac*on308,318. Nevertheless, 

recalling the KAP results, LIMK1 is not the only differen*ally ac*vate kinase upon SEMA3A 

treatment, leaving room for a number of alterna*ve pathways working in congruency. 

Further explora*on those possibili*es may pave the way towards as beGer understanding 

of the mechanism of defenestra*on and conversely fenestrae forma*on.  
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6.2.5. PalmiAc acid and SEMA3A affect acAn-dynamics by increasing the F-/G-acAn raAo  

In the seeng of high levels of palmi*c acid, the number and size of fenestrae, structures 

which are highly dependable on the cytoskeleton, have previously been found to be 

decreased102. We were therefore interested as to whether palmi*c acid would result in an 

altered appearance of the ac*n-network and SEMA3A mRNA expression in human LSECs. 

Results show that palmi*c acid causes in a significant visual and sta*s*cal increase of F-

ac*n fibres and the F-/G-ac*n ra*o with a concomitant increase of SEMA3A expression 

aDer 24 hours (Figure 18). This suggests that palmi*c acid can s*mulate SEMA3A 

expression, poin*ng towards the ac*va*on of a lipid-regulated transcrip*on factor that can 

bind to the SEMA3A transcrip*on promoter. Further, it shows a clear modula*on of the 

ac*n cytoskeleton, which might have been caused by the increased SEMA3A mRNA levels 

or another protein whose transcrip*on was s*mulated/increased by palmi*c acid (Figure 

18). In intes*nal cells e.g. both 25 and 100 µM of palmi*c acid resulted in a significant 

increase of ac*n aDer a 24-hour incuba*on319. Here, they found the F-ac*n-uncapping 

protein LRRC16A to be downregulated upon palmi*c acid treatment which would result in 

decreased ac*n polymeriza*on319. SEMA3A on the other hand has been known to exert an 

effect on the cytoskeleton since its original discovery as collapsin218. During growth cone 

collapse in neurons SEMA3A specifically acts through modula*on of ac*n201,218. 

Addi*onally, in 2001, Aizawa et al. found that SEMA3A can act through LIMK1 and cofilin-

1, whereas cofilin-1 can directly influence the ac*n-cytoskeletal dynamics221. In order to 

test the par*cular effect of SEMA3A-Fc on F-ac*n in mouse LSECs, the F-/G-ac*n ra*o was 

measured, showing a significant increase aDer 1 hour (Figure 18). Comparing the average 

percental increase of the F-/G-ac*n ra*o, it is of no surprise that aDer 24 hours there was 

a 50% higher increase than aDer 1 hour, however, if we presume a gradual increase, 

SEMA3A resulted in a much quicker response than palmi*c acid. Conversely, if the effect of 

palmi*c acid is due to increased SEMA3A expression, which is only significantly upregulated 

aDer 18 hours, it seems sensible that the amount of F-ac*n is not increased significantly 

more. Increased levels of F-ac*n versus G-ac*n, i.e. the presence of ac*n stress fibres, have 

been shown to influence fenestrae diameter and LSEC porosity, poin*ng to modula*on of 

the cytoskeleton being a major part of the mechanism behind SEMA3A-induced 

defenestra*on97,309. In the pathological seeng of obesity, T2D, and MASLD, SEMA3A might 
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therefore link hyperlipidaemia, i.e. high levels of saturated faGy acids, with capillariza*on 

of hepa*c sinusoids. 

In summary, palmi*c acid can induce SEMA3A transcrip*on and increase stress fibres, while 

SEMA3A on its own can increase the F-/G-ac*n ra*o, poin*ng towards the re-organiza*on 

of the cytoskeleton playing an important role in SEMA3A-induced defenestra*on. 

 

6.3. The role of Sema3a in the development of MASLD  

6.3.1. Male db/db mice are a suitable model for capillarizaAon in early stages of MASLD 

Db/db mice are homozygous for a muta*on in the lep*n receptor and a widely used mouse 

model for T2D, obesity, and MASLD320. Here, we show that Sema3a expression is 

significantly increased in LSECs of db/db mice compared to their respec*ve controls 

(Supplementary Figure 6). This puts Sema3a expression into the context of high glucose, 

high insulin, and steatosis and further supports the hypothesis that SEMA3A presents a link 

between hyperlipidemia and LSEC capillariza*on. Previous studies have already found 

Sema3a expression to be upregulated in cirrho*c rat LSECs, whereas a human cohort study 

found an increased SEMA3A expression in MASLD pa*ents, which decreased with the stage 

of fibrosis242,321. Further, in healthy individuals, SEMA3A was reduced in the blood serum 

for 24 hours aDer induc*on of hypoglycemia while T2D pa*ents failed to regulate SEMA3A 

levels, sugges*ng a constantly high concentra*on322.   

Addi*onally, SEM analysis shows a significantly decreased LSEC porosity in male db/db 

mice, while female mice only have a numerically lower LSEC porosity (Figure 19, Figure 20). 

Dietary models such as the HFD and choline-deficient, L-amino acid-defined (CDAA)-diet 

have also been found to significantly decrease fenestra*ons, however, these studies did not 

evaluate Sema3a expression264. This presents male db/db mice as the first suitable gene*c 

model for defenestra*on in the seeng of early MASLD and also links increased Sema3a 

expression with reduced LSEC fenestra*ons. SEMA3A inhibi*on/Sema3a dele*on in LSECs 

might therefore present a viable therapeu*c op*on to ameliorate the severity of hepa*c 

steatosis. It also suggests that SEMA3A most likely acts in an autocrine manner, since 

healthy hepatocytes lack the obligatory SEMA3A receptors, i.e. NRP1 and plexins, and are 

therefore not directly influenced by LSEC-derived SEMA3A323.   
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Despite female db/db mice at a rela*vely young age not presen*ng with significant 

phenotypical changes in their sinusoids, they might be of interest in combina*on with a 

chemically induced menopause, since studies have shown that estrogen protects women 

from MASLD, however, that severity increases post menopause324,325. It is also possible that 

older female db/db mice would have been a more appropriate choice, as estrogen slows 

disease progression and thus changes in the sinusoid may only become evident at a later 

*mepoint326,327. The importance of gender-specific treatment op*ons has become more 

evident in the past decade with many publica*ons poin*ng to significant differences in the 

progression and suscep*bility of several diseases such as cancer, cardiovascular diseases 

and metabolic diseases, and specifically MASLD regarding prevalence and mortality risk328-

332. Interes*ngly, female mice presented with a lower fenestrae frequency than male mice, 

however, they also had larger fenestrae. The finding of sex-specific differences in the 

morphology of hepa*c sinusoids should be confirmed by repe**on of both experiments 

where the perfusion is done successively.  

To conclude, Sema3a is increased in LSECs of db/db mice, which, together with human 

studies, points towards a de-regula*on of SEMA3A in the seeng of T2D. Further, we present 

male db/db mice as a suitable model for capillariza*on in early stages of MASLD, while 

female db/db mice might be a of interest at an older age or in combina*on with a chemically 

induced menopause.  

 

6.3.2. Blocking SEMA3A binding to NRP1 in db/db mice might have a therapeuAcal value in 

the context of MASLD 

One important ques*on we wanted to answer is whether inhibi*on of SEMA3A, or SEMA3A 

signalling, holds a therapeu*cal value towards hepa*c steatosis. In order to test this, we 

employed the same SEMA3A binding domain specific NRP1 an*body (NRP1SEMA3A) as used 

in our in vitro experiments (Figure 14). Short-term NRP1SEMA3A treatment had no major 

effects on cholesterol, ALT, AST, HDL, and NEFA, and resulted in a mild reduc*on of liver TGs 

and significantly increased blood TGs (Figure 21). This suggests that short-term inhibi*on 

of SEMA3A signalling has a mildly, yet non-significantly, ameliora*ng effect on hepa*c 

steatosis. Ideally, this experiment would have been performed for at least 4 weeks, which 

might have shown more clear differences in the measured parameters, however, this was 
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not possible due to a limited amount of an*body available. Unfortunately, we were unable 

to examine the hepa*c sinusoids of NRP1SEMA3A-treated mice and can therefore only 

speculate whether inhibi*ng SEMA3A signalling resulted in more and/or larger fenestrae. 

The heightened TG levels in the blood and the numerically decreased amount of TGs in the 

liver, however, suggest that the secre*on of VLDL par*cles into the bloodstream might have 

been enhanced. 

Furthermore, regarding the liver TGs, a high standard devia*on in both groups contributed 

to a non-significant outcome, as one control mouse had no*ceably fewer hepa*c TGs 

compared to the rest of the group, while in the NRP1SEMA3A-treated group, some mice were 

more affected than others. S*ll, five out of the eight NRP1-treated mice had lower hepa*c 

TGs than the majority of the control mice. Besides, the blood TGs were significantly 

increased, sugges*ng that inhibi*on of NRP1-facilitated SEMA3A-signalling resulted in the 

metaboliza*on of lipids in other organs than the liver. It should also be kept in mind that 

we used db/db mice, thus a mouse model with a mul*factorial phenotype. Therefore, the 

progression of T2D and other comorbidi*es experienced by this mouse model might have 

had an opposing influence on the effect of NRP1 inhibi*on in the liver. 

Even though the effect was not significant, it is noteworthy that the livers of the NRP1SEMA3A-

treated group slightly grew in size (Figure 21). One explana*on might be that VEGF-A could 

s*ll bind to NRP1 while SEMA3A could not, virtually changing the ra*o of available VEGF-A 

to SEMA3A. Increased VEGF-A binding may therefore result in growth of the liver, which is 

supported by the fact that treatment with VEGF-A can result in an increased liver to body 

weight ra*o333. Furthermore, Bachelder et al. have shown that the ra*o rather than the 

concentra*ons of VEGF-A and SEMA3A are important for the subsequent cellular 

reac*on227. Since the an*body we employed did not only inhibit SEMA3A binding in the 

liver, adverse effects would have been possible in *ssues which also express NRP1. In the 

bone marrow, for example, SEMA3A is an important factor which, presumably via NRP1, 

promotes bone regenera*on, while in the kidneys it promotes diabe*c nephropathy and 

renal fibrosis, both long-term complica*ons/comorbidi*es of T2D228,230,334,335. Due to 

poten*ally harmful effects of global SEMA3A inhibi*on via NRP1, other op*ons such as liver 

specific SEMA3A inhibi*on should be explored. Recently, Zhang et al. used a novel drug 

delivery system in mice whose spinal cord was severed, to specifically inhibit SEMA3A-

binding in the region of interest238. Furthermore, a small osmo*c pump has also been 
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shown to be a valid method to deliver a certain drug to an organ/area of interest230. Both 

methods could be employed to deliver an NRP1-an*body/SEMA3A inhibitor specifically to 

the liver, to test the effect on steatosis-induced defenestra*on. To further op*mize this 

experiment, other molecules which inhibit SEMA3A-NRP1 interac*on could be explored. 

Vinaxanthone and xanthofulvin e.g., both fungal pep*des from a penicillin strain, have 

gained increasing aGen*on in the past decades for their highly specific inhibi*on of 

SEMA3A336-338. Both have already been shown to have significant therapeu*c effects in vivo 

in the seeng of diabe*c nephropathy and spinal cord injury without reported side 

effects228,230,232,238. Due to SEMA3A also being able to exert an effect in the brain, it is 

important to know whether the aforemen*oned pep*des/an*bodies would be able to 

cross the blood-brain barrier215. Alterna*vely, instead of inhibi*ng SEMA3A binding to 

NRP1, NRP1 could be targeted directly. In 2023, Zhou et al. used hydrodynamically injected 

short hairpin RNA (shRNA) to silence Nrp1 in the livers of DIO mice and found that 

decreased levels of NRP1 were accompanied by less hepa*c steatosis while overexpression 

led to increased hepa*c steatosis339. Since they did not evaluate the hepa*c sinusoids or 

VLDL secre*on of those mice, one can only speculate about the effect of reduced Nrp1 

levels on fenestra*ons339.  

Future research should focus on developing LSEC/liver-specific inhibitors of SEMA3A or 

SEMA3A-downstream components to improve sinusoidal fenestra*ons, possibly aiding 

recovery in early stages of MASLD by improving the bi-direc*onal exchange between 

bloodstream and hepatocytes. This is of par*cular importance as in recent years the role 

and significance of fenestrated LSECs during liver disease and injury have become more 

prominent. Also, as of today, there is no liver-specific treatment on the market which 

ameliorates hepa*c steatosis via reversal of capillariza*on. 

 

6.3.3. Long-term geneAc interference of SEMA3A signalling improves VLDL secreAon and 

hepaAc steatosis  

As short-term inhibi*on of SEMA3A signalling in db/db mice only mildly affected hepa*c 

steatosis (Figure 21), we aimed to explore the long-term inhibi*on via a condi*onal, 

endothelial cell-specific knockout of Sema3a in male C57BL/6J mice in the context of DIO. 

First and foremost, iECSema3a mice have an improved VLDL secre*on ability and reduced 
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hepa*c steatosis compared to iECwt mice (Figure 22). Further, iECSema3a mice presented with 

significantly lower body weight from week 15 onwards compared to iECwt mice (Figure 22). 

Since heightened energy expenditure and physical ac*vity were found to be significantly 

increased in heterozygous global DIO Sema3a+/− mice, this might also be the case in iECSema3a 

mice, possibly resul*ng in peripheral *ssues metabolizing lipids that would otherwise 

accumulate in the liver247. Most interes*ngly, iECSema3a mice also have a tenden*ally higher 

fenestrae frequency and a numerically, however, on av. 80% increased LSEC porosity, which 

had a visible physiological impact as those mice have a significantly increased VLDL 

secre*on from the liver (Figure 22). It should be noted that in the iECwt group, the mouse 

that weighed the least specifically had the highest fenestrae frequency, while the heaviest 

mouse of the iECSema3a group had the lowest fenestrae frequency. Pueng the results in 

rela*on to each other, the fenestrae frequency, LSEC porosity, and VLDL secre*on of 

iECSema3a and iECwt mice nega*vely correlated with their body weight, sugges*ng that weight 

can be a determinant for fenestra*ons as well as VLDL secre*on. 

Further, a numeric reduc*on in HOMA-IR and significant reduc*on in Adipo-IR along with 

reduced insulin concentra*ons at normal blood glucose concentra*ons indicate that whole-

body and adipose *ssue insulin sensi*vity is improved in iECSema3a versus iECwt mice. This 

falls in line with several publica*ons, which found that fenestrae enable the transfer of 

insulin and that loss of fenestra*on coincides with increased insulin resistance, while 

reversal of capillariza*on increased insulin sensi*vity340-342.  

Prospec*vely, it would be interes*ng to generate an inducible, endothelial cell-specific 

Sema3a knock-out line on a db/db background. This would allow to evaluate the 

therapeu*c poten*al of Sema3a abla*on in the seeng of T2D instead of diet-induced 

obesity. Further, in order to inves*gate whether Sema3a abla*on/SEMA3A inhibi*on would 

be beneficial in the seeng of MASH, wildtype mice could be given a non-trans fats Western 

diet (WD-NTF) or a choline-deficient high-fat diet (CDHFD) prior to inducing Sema3a 

abla*on/SEMA3A inhibiton343. Both diets induce obesity and the metabolic syndrome while 

also inducing MASH aDer 12-16 weeks343. Importantly, these diets do not induce weight 

loss like other typical MASH diets such as the methionine-choline-deficient (MCD) diet343. 

While it seems plausible that there might be a benefit of SEMA3A inhibi*on in MASH, it 

seems improbable that there is one in cirrhosis as Samadan et al. found SEMA3A levels to 

be significantly increased in the blood serum of humans with MASLD, but decreased in 
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humans with cirrhosis compared to healthy individuals242. This suggests that increased 

SEMA3A/Sema3a levels are par*cularly per*nent in early stages of MASLD. Furthermore, 

as cirrhosis progresses, hypoxia caused by vessel obstruc*on and capillariza*on increases 

angiogenic growth factors, such as VEGF-A, which might therefore reinduce 

fenestra*ons135. However, angiogenesis and fibrogenesis as well as HCC development and 

progression are closely linked and an increase of angiogenesis can also result in an increase 

of fibrogenesis135. Thus, the ques*on arises whether in advanced stages of MASLD, i.e. 

fibrosis and HCC, increasing SEMA3A-signalling might be beneficial as it might reduce VEGF-

induced angiogenesis and thus fibrogenesis and HCC progression. Maione et al. for instance 

have found that re-expressing SEMA3A in cancer cells reduces hypoxia, ac*ng as an 

an*angiogenic factor which was able to convert metasta*c lesions into benign lesions344.  

One limita*on of this study was that we did not use an LSEC-specific knock-out model, but 

an endothelial cell-specific model, i.e. Cdh5-CreERT2 × Sema3afl/fl, as, to the best of our 

knowledge, no LSEC-specific Cre mouse line exists. Thus, other types of endothelial cells 

expressing Cdh5, such as pancrea*c endothelial cells and endothelial cells in the brain, 

might have contributed to our phenotype345-347. However, as previously men*oned, liver-

specific inhibi*on of NRP1, thus abroga*ng SEMA3A signalling, has been shown to 

significantly reduce hepa*c steatosis, sugges*ng that loss of Sema3a in the liver was the 

major contributor for the observed phenotype339. 

The results show clear indica*ons for the beneficial effect of long-term inhibi*on of 

SEMA3A, specifically in endothelial cells, regarding hepa*c steatosis. So far, this has not 

been evaluated in this context, and the combined posi*ve effects make endothelial 

SEMA3A inhibi*on an aGrac*ve therapeu*c target for several diseases including MALSD. 

Since there are currently no treatment op*ons for MASLD approved in Europe, the reversal 

or hal*ng of capillariza*on, as well as understanding the underlying mechanism, is a 

promising research objec*ve and could pave the way to a new treatment approach.  
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7. Conclusion and Outlook 

Taking all of our results together, we generated a hypothesized pathway which covers the 

downstream signalling of SEMA3A. Furthermore, we created a model which shows the 

possible impact of SEMA3A towards MASLD development via LSEC defenestra*on.  

Using KAP, we were able to find increased ac*vity of several kinases, including PKCa, PKG, 

PAK1, ROCK2, AMPK, Akt1, and IKKa/b (Figure 23a). Those kinases are all known to promote 

ac*n polymeriza*on via different mechanisms and may contribute to a reduc*on of 

fenestrae frequency and LSEC porosity. Using western blot analysis, we specifically 

inves*gated the role of LIMK1 and cofilin-1 and found a tenden*ally increased cofilin-1 

phosphoryla*on upon SEMA3A-Fc treatment in LSECs which could be abrogated via LIMK1 

inhibi*on. Moreover, measuring the amounts of F- and G-ac*n we found that palmi*c acid 

and SEMA3A-Fc treatment of LSECs resulted in an increased F-/G-ac*n ra*o. 

Collec*vely, SEMA3A reduces fenestra*on via NRP1, LIMK1, and cofilin-1, among others, 

and ul*mately increases F-ac*n (Figure 23b). In obese and diabe*c male db/db mice, which 

present with a higher Sema3a transcript abundance and higher levels of circula*ng 

saturated faGy acids, LSECs have a lower fenestrae frequency and LSEC porosity, while 

inducible, endothelial cell-specific Sema3a knockout mice present with numerically 

increased fenestrae frequency and LSEC porosity despite DIO. Addi*onally, these mice have 

an improved VLDL secre*on ability and reduced hepa*c steatosis compared to the 

respec*ve control mice. This points to SEMA3A inhibi*on/Sema3a abla*on as a valuable 

therapeu*c target for MASLD and prospec*vely the preven*on of HSC ac*va*on via LSEC 

dedifferen*a*on, as it may prevent or slow the progression towards fibrosis and cirrhosis. 

 
Since it is not yet possible to analyse fenestrae in isolated human LSECs in vitro, an 

alterna*ve future op*on, instead of primary mouse LSECs, to evaluate the effect of SEMA3A 

on fenestrae, would be to use human organotypic liver slices as a model348. This would allow 

not only evalua*on of fenestrae sizes in humans upon SEMA3A treatment, but also its 

evalua*on in a physiological seeng as hepatocytes, KCs, and HSCs could be present. 

Precision-cut liver slices would also take the contribu*on of cellular and non-cellular 

components in their na*ve histoarchitectural organisa*on to disease progression into 

account348. Here, we could test the effect of direct SEMA3A inhibi*on or inhibi*on of 

downstream signalling of SEMA3A and further evaluate the therapeu*c poten*al as well as 
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possible side effects. Further, fenestra*ons can be analysed in the seeng of different liver 

diseases and the effect of defenestra*on on the exchange of lipids between the blood flow 

and the hepatocytes can be more closely inves*gated. Since primary human LSECs as well 

as liver endothelial cell lines do not present with fenestra*ons, and access to primary 

human LSECs from cadaveric livers is limited by the availability of human ischemic 

sensi*vity and organ availability287, organotypic liver slices present the best op*on next to 

primary mouse LSECs to inves*gate fenestrae.  

As good, reliable blood serum markers for MASLD are scarce, and SEMA3A has been found 

to be increased in the seeng of MASLD, further research into this area might help to 

manifest SEMA3A blood serum concentra*ons as a novel, quick and easy determinant for 

MASLD242. To this end, blood serum samples from MASLD pa*ents of different stages should 

be analysed.  

To further explore downstream signalling of SEMA3A, previously iden*fied kinases could be 

further inves*gated in the context of SEMA3A-induced defenestra*on. By inhibi*ng 

poten*al candidates and subsequently evalua*ng fenestrae, their contribu*on to the 

phenotype can be explored to get a beGer understanding of the mechanism behind 

defenestra*on and conversely fenestrae forma*on. To further gain insights into the effect 

of Sema3a abla*on, RNA sequencing with livers from male and female iECSema3a and iECwt 

mice could be used to inves*gate how and if loss of Sema3a has an impact on the 

expression of certain genes in LSECs and indirectly other hepa*c cells. This could help to 

iden*fy and assess cellular events outside of LSECs which might be affected by the loss of 

Sema3a such as changes in the lipid metabolism in hepatocytes and/or the inflammatory 

response of HSC. It might also help to get a beGer comprehension of the sex-specific 

differences regarding MASLD progression. Further, the livers of male and female db/db mice 

should be analysed again aDer successive perfusion of the liver, in order to confirm the 

previously shown sex-specific differences in the hepa*c sinusoids.  

As a dynamic ac*n cytoskeleton is important for fenestrae maintenance, one could use 

STED microscopy or AFM in order to evaluate how SEMA3A impacts the ac*n-network in 

living cells. These methods could also be useful to test SEMA3A inhibitors in LSECs as the 

effect would be visible nearly immediately, while SEM analysis is more *me-consuming. 

Also, one downside to SEM is that it does not capture *me- and space-dependent dynamics, 

however, fenestrae are very dynamic structures. 
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Due to poten*ally harmful and unspecific effects of global SEMA3A inhibi*on via NRP1, 

op*ons such as liver-specific SEMA3A or NRP1 inhibi*on should be explored. This could be 

done by using a drug delivery system or a small osmo*c pump which only releases an 

inhibitor in proximity to the liver, or by using shRNA and hydrodynamic injec*ons. 

Subsequently, the VLDL secre*on rate and fenestra*ons should be analysed to evaluate the 

benefits regarding lipid exchange. Further, other specific inhibitors of SEMA3A- but not 

VEGF-binding to NRP1, such as vinaxanthone and/or xanthofulvin should be explored, since 

these have already been shown to be effec*ve in in vivo applica*ons238,239,349. 

For future experiments, an inducible, endothelial cell-specific Sema3a knock-out line on a 

db/db background might be of interest as it would allow to evaluate the therapeu*c 

poten*al of Sema3a abla*on in the seeng of T2D instead of diet-induced obesity. Further, 

in order to inves*gate whether Sema3a abla*on/SEMA3A inhibi*on would be beneficial in 

the seeng of MASH, mice could be given a WD-NTF or CDHFD, which both induce obesity 

and the metabolic syndrome while also inducing MASH aDer 12-16 weeks343.  

Another advantage of Sema3a abla*on/SEMA3A inhibi*on and subsequent increase of 

fenestra*ons, might be a reduced risk of atherosclerosis, a coronary artery disease in which 

lipid accumula*on in arteries triggers inflamma*on via endothelial cell ac*va*on350. This 

was first suggested by Fraser et al. who postulated that the loss of fenestra*ons is a major 

contributor to the development of atherosclerosis as the uptake of chylomicron remnants 

would be impaired74,88,104,351. Further, Fu et al., who inhibited SEMA3A via hydrodynamic 

injec*ons of siRNA inhibi*ng Sema3a transcrip*on, found decreased endothelial cell 

ac*va*on upon lipopolysaccharide treatment, as well as reduced vascular inflamma*on 

and oxida*ve stress352. The effect of Sema3a abla*on/SEMA3A inhibi*on on the 

development on atherosclerosis could be evaluated by measuring inflammatory cytokine 

levels, adhesion molecule expression, and vascular injury. 

In summary, SEMA3A and SEMA3A signalling present themselves as promising targets to 

ameliorate hepa*c steatosis and prevent or slow MASLD progression. Our results also 

highlight the importance of fenestra*ons regarding hepa*c steatosis and VLDL secre*on 

and thus fenestrae as a novel target for preven*on of lipid reten*on. Further studies are 

necessary to clarify the poten*al of SEMA3A inhibi*on/Sema3a dele*on and reforma*on 

of fenestrae as a pharmaceu*cal interven*on for MASLD.  
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Figure 23. SEMA3A downstream signaling and graphical summary. 
a Hypothesized pathways which result in loss of fenestra8on in LSECs with a focus on ac8n-manipula8ng components. 
Kinases with a thick outline were found to be ac8vated upon SEMA3A treatment in LSECs, as determined by the kinase 
ac8vity profiling. Created with BioRender.com. b Graphical summary. Le4 side: in the seng of low physiological SEMA3A 
levels (as is the case at low concentra8ons of saturated fa@y acids and normal BW without T2D), ac8ve cofilin-1 and 
normal F-ac8n cytoskeleton dynamics contribute to maintain a high frequency of fenestrae in LSECs. LSEC porosity 
facilitates bidirec8onal exchange of lipids between bloodstream and hepatocytes, such as the release of VLDL par8cles 
from hepatocytes into the blood circula8on. Right side: in the seng of high SEMA3A levels (as is the case at high 
concentra8ons of FFAs and in DIO with or without T2D), the angiocrine signal SEMA3A acts via NRP1 on LSECs to ac8vate 
mul8ple STKs, including LIMK1, which phosphorylates cofilin-1 to reduce F-ac8n cytoskeleton dynamics and fenestrae 
frequency as well as LSEC porosity. The reduced LSEC porosity lowers VLDL export from the hepatocytes into the blood 
and might contribute to lipid reten8on and macrovesicular steatosis in the hepatocytes. The resul8ng hepa8c steatosis is 
an early event in MASLD that can subsequently (in concert with hepa8c stellate cells; HSCs) progress to severe hepa8c 
and cardiometabolic diseases. Created with BioRender.com, from Eberhard, et al. 247.  
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8. List of Abbrevia.ons 

 

° Degree 

∑ Sum 

ABC1 ABC1 domain containing kinase 

ACOX1 Peroxisomal acyl-coenzyme A oxidase 1 

Adipo-IR Adipose tissue insulin resistance 

AFM Atomic force microscopy 

AGC Protein kinase A, G, and C group 

Akt1 AKT serine/threonine kinase 1 

Alpha Alpha kinase group 

ALT Alanine transaminase 

AMPK AMP-activated protein kinase 

ANOVA Analysis of variance 

Apo B-100 Apolipoprotein B-100 

ASK1 Apoptosis signal-regulating kinase 1  

AST Aspartate transaminase 

ATP Adenosine triphosphate 

Av. Average 

BCA Bicinchoninic acid assay 

Brd Bromodomain proteins 

BSA Bovine serum albumin 

BW Body weight 

C Celsius 
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CAC1C Voltage-dependent L-type calcium channel subunit alpha-1C 

CAMK Calcium and calmodulin-regulated kinase group 

CCL2 Chemokine (C-C motif) ligand 2 

CCR2/5 C-C chemokine receptor type 2/5 

CD146 Cluster of differentiation 146 

CD36 Cluster of differentiation 36 

CDAA Choline-deficient L-amino acid defined 

Cdh5 Cadherin 5 

CDHFD Choline-deficient high fat diet 

cDNA Complementary DNA 

ChREBP Carbohydrate response element binding protein 

CK1 Cell kinase 1 

cm Centimeter 

CMGC CDK, MAPK, GSK, and CK2 kinase group 

CO2 Carbondioxide 

COS-7 African green monkey kidney fibroblast-like cell line 

CPN Contour proposal network  

CPT1 Carnitine O-palmitoyltransferase 2, mitochondrial 

Cre-ERT2 
Cre recombinase fused to a triple mutant form of the human estrogen 

receptor 

CREB1 CAMP responsive element binding protein 1 

CT Cycle threshold 

CTCF Corrected total cell fluorescence 

d Diameter 

DAMP Damage associated molecular pattern 
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db/db Diabetic mouse model (BKS.Cg-Dock7m +/+ LeprdbJ) 

DIO Diet-induced obesity 

DLW Deep learning workflow 

DMSO Dimethyl sulfoxide 

dNTP Deoxynucleotide triphosphates 

L-DOPA 3,4-dihydroxyphenylalanine 

DPBS Dulbecco’s phosphate buffered saline 

DRG Dorsal root ganglia 

dSTORM direct stochastic optical reconstruction microscopy 

ECM Extracellular matrix 

EDTA Ethylenediaminetetraacetic acid 

EGFR Epidermal growth factor receptor 

EMB-2 Endothelial basal medium 

eNOS Endothelial nitric oxide synthase 

ET-1 Endothelin-1 

EV Extracellular vesicle 

F-actin Filamentous actin 

FABP Fatty acid binding protein 

FAO Fatty acid oxidation 

FARP2 FERM, RhoGEF and pleckstrin domain-containing protein 2  

FATP Fatty acid transport protein 

FDA Food and drug administration 

FFA Free fatty acid 

FFC Fenestrae forming centre 



List of Abbrevia.ons  

 
 

92 

FXR Farnesoid X receptor 

g Gravitational force 

g Grams 

G-actin Globular actin 

GGT Gamma-glutamyltransferase 

GIP-R Glucose-dependent insulinotropic polypeptide receptor 

GLP-1R Glucagon-like peptide 1 receptor 

GOI Gene of interest 

GPI Glycosylphosphatidylinositol 

H2O Water 

HCC Hepatocellular carcinoma 

HDL High-density lipoprotein 

HFD High-fat diet 

HGF Hepatocyte growth factor 

HMGB1 High mobility group box 1 

HOMA-IR Homeostatic model assessment for insulin resistance 

Hprt Hypoxanthine-guanine phosphoribosyltransferase 

HRP Horseradish peroxidase 

hs-CRP High sensitivity C-reactive protein 

HSC Hepatic  stellate cells 

i.e. Lat.:id est (that is) 

ICAM-1 Intracellular adhesion molecule 1 

iECwt Cdh5-CreERT2 control mice 

iECSema3a 
Cdh5-CreERT2 × Sema3afl/fl mice (inducible, endothelial cell-specific, 

knockout of Sema3a) 
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Ig Immunoglobulin 

IgG Immunoglobulin G 

IKKα/b Inhibitor of nuclear factor kappa-B kinase subunit alpha/beta 

IL-1 Interleukin 1 

IL-6 Interleukin 6 

KAP Kinase activity profiling 

KC Kupffer cell 

kg Kilogram 

kJ Kilojoule 

KLF2 Kruppel-like factor 2 

LIMK1 LIM domain kinase 1 

LPL Lipoprotein lipase 

LRRC16A Capping protein regulator and myosin 1 linker 1 

LSEC/LSECs Liver sinusoidal endothelial cell/s 

LYVE-1 Lymphatic vessel endothelial hyaluronan receptor 1 

M Mol 

M-CSF Macrophage colony-stimulating factor 

MACS Magnetic-activated cell sorting 

MASH Metabolic-dysfunction associated steatohepatitis 

MASLD Metabolic-dysfunction associated hepatic steatosis 

MBOAT7 Membrane-bound O-acyltransferase domain-containing protein 7 

MCD Methionine-choline-deficient 

MCP1 Monocyte chemoattractant protein 1 

mg Milligram 
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min Minute/s 

ml Milliliter 

mm Millimeter 

mM Millimolar 

MRI-PDFF Magnetic resonance imaging proton density fat fraction 

mRNA Messenger RNA 

mTOR Mammalian target of rapamycin 

MTTP Microsomal triglyceride transfer protein 

MTvC Multiple treatments versus control 

MYDGF Myeloid-derived growth factor 

NaF Sodium fluoride 

NAFLD Non-alcoholic fatty liver disease 

NEFA Non-esteried fatty acid 

NFκB Nuclear factor kappa-light-chain-enhancer of activated B cells 

nm Nanometer 

NO Nitric oxide 

NRP1/2 Neuropilin1/2 

OsO4 Osmium tetroxide 

p-S3-cofilin-1 At serine 3 residue phosphorylated cofilin-1 

p-value Probability value 

p70S6b Ribosomal protein S6 kinase beta-1 

PAK1 p21 (Rac1) activated kinase 1 

PBS Phosphate buffered saline 

PBST Phosphate buffered saline with 0.1% Tween® 20 



List of Abbrevia.ons  

 
 

95 

PCA Principle component analysis 

PDGF Platelet-derived growth factor 

PDHK Pyruvate dehydrogenase kinase group 

PDK4 Pyruvate dehydrogenase lipoamide kinase isozyme 4 

PEB Buffer PBS, EDTA, and BSA containing buffer 

PFA Paraformaldehyde 

PIIINP Type III procollagen peptide 

PIKK Phosphatidyl inositol 3’ kinase-related kinase group 

PKCa Protein kinase C alpha 

PKG cGMP-dependent protein kinase 

PLVAP Plasmalemma vesicle associated protein 

pmol picomol 

PNPLA3 Patatin-like phospholipase domain-containing protein 3 

PPARα/γ Peroxisome proliferator-activated receptor alpha/gamma 

PSI Plexin, semaphorin, and integrin 

PTK Protein tyrosine kinases 

r Radius 

R2 Coefficient of determination 

Rac1 Ras-related C3 botulinum toxin substrate 1 

RIO RIO kinase group 

RIPA Radioimmunopreciptation assay 

RM Repeated measures 

RNA Ribonucleic acid 

ROCK2 Rho associated coiled-coil containing protein kinase 2  
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ROS Reactive oxygen species 

RPLP0 60S acidic ribosomal protein P0 

RSECP Residential sinusoidal endothelial cell progenitors 

RT Room temperature 

RT-qPCR Real-time quantitative polymerase chain reaction 

s Second/s 

SEM Scanning electron microscopy 

SIM Structured illumination microscopy 

siRNA Small interfering RNA 

SREBP1c Sterol regulatory element-binding protein 1 

STE STE group 

STED Stimulated emission depletion 

STK Serine-threonine kinases 

T2D Type 2 diabetes mellitus 

TG Triglycerides 

TIF1 Transcriptional intermediary factor 1 

TIMP-1 TIMP metallopeptidase inhibitor 1 

TK Tyrosine kinase group 

TKL Tyrosine kinase-Like (TKL) group 

TM6SF2 Transmembrane 6 superfamily 2  

TMS Tetramethylsilane 

TNF-a Tumour necrosis factor alpha 

TY3H Tyrosine 3-monooxygenase 

UKA Upstream kinase analysis 
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USA United States of America 

VAP-1 Vascular adhesion protein 1 

VASP Vasodilator-stimulated phosphoprotein 

VCAM-1 Vascular cell adhesion protein 1 

VEGF Vascular endothelial growth factor 

VEGFR2 Vascular endothelial growth factor receptor 2 

VLDL Very low density lipoprotein 

WD-NTF Non-trans fats western diet  

µl Microliter 

µm Micrometer 

µM Micromolar 
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9. Supplementary Data 

9.1. F-/G-ac7n western blot of human LSECs treated with palmi7c acid 

 
Supplementary Figure 1. F-/G-acGn western blot of human LSECs treated with BSA or 0.75 mM palmiGc acid. 
 

9.2. F-/G-ac7n western blot of mouse LSECs treated with SEMA3A-Fc 

 
Supplementary Figure 2. F-/G-acGn western blot of mouse LSECs treated with 2 µg/ml IgG2a-Fc or SEMA3A-Fc. 
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9.3. Western blots of mouse LSECs treated with IgG2a-Fc, SEMA3A-Fc, and LIMK i3 

 
Supplementary Figure 3. Western blots of mouse LSEC treated with IgG2a-Fc, SEMA3A-Fc, and LIMK i3. 
Colored boxes indicate which GAPDH quan88es were used for normaliza8on of either cofilin-1 or p-S3-cofilin-1.  
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9.4. Raw SEM images 

 
Supplementary Figure 4. Raw SEM images. 
SEM images, unedited and without colorized fenestrae. 
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9.5. Deep learning workflow – post-analysis script 

 
 
 
 
 

import math 
import os 
from distutils.command.install_egg_info import to_filename 
from encodings.utf_8 import encode 
from tkinter.filedialog import SaveAs 
 
import numpy as np 
import openpyxl 
import pandas as pd 
import seaborn as sns 
 
# define source folder 
plugin_dir = "filepath" 
 
# define output folder 
res_dir = f'filepath' 
 
# create dir for output figures + data 
os.makedirs(res_dir, exist_ok=True) 
 
#if certain fenestrae are supposed to be removed, add the names of the label after 
drop 
samplePath = f'{plugin_dir}/{"sample name"}' 
sampl_name = os.path.basename(samplePath) 
sample_name = sampl_name.replace('.csv', '') 
data = pd.read_csv(samplePath) 
data.drop([number of fenestae]) 
data.to_csv(f'{plugin_dir}/{sample_name}_clean.csv') 
 

def JulichAnalysis(sample): 
    print(sample) 
    os.listdir(plugin_dir) == sample 
    # read the list 
    samplePath = f'{plugin_dir}/{sample}' 
    data = pd.read_csv(samplePath) 
 
    # fenestrae number 
    fen_num = len(data.index) 
 
    # average fenestrae diameter in nm 
    ffen_dia = data.iloc[0:,2].astype(float) 
    fen_dia = ffen_dia.mean()/insert pixel/µm value*1000 
 
    #enter here the conversion used for the pictures 
    data.iloc[0:,2] = data.iloc[0:,2].astype(float)/insert pixel/µm value*1000 
 
    # total fenestrae area in µm^2 
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Supplementary Figure 5. Deep learning workflow post-analysis script (Python). 
 
 

9.6. Sema3a expression in db/db mice 

 
Supplementary Figure 6. Sema3a expression in db/+ and db/db mice 
Sema3a mRNA expression of LSECs from 12-week-old male db/+ control versus db/db mice (n = 7 each). CD146+ LSECs 
were isolated by MACS. A two-tailed unequal variances t-test was used for sta8s8cal analysis. Data are presented as mean 
± s.e.m. with the p-value. 

    data['Fen_Area'] = (data.iloc[0:,2]/2)*(data.iloc[0:,2]/2)*math.pi 
    fen_area = sum(data.iloc[0:,3])/1000000 
 
    # define file name 
    fil_name = os.path.basename(samplePath) 
    file_name = fil_name.replace('.csv', '') 
 
    # merge 
    analysis_list = pd.DataFrame([file_name,fen_area, fen_num, fen_dia]) 
    fin_list = analysis_list.transpose() 
    print(fin_list) 
 
    #save to folder  
    fin_list.to_excel(f'{res_dir}/{file_name}_counts.xlsx') 
    return fin_list 
 
#make list with all the results  
SampleList = os.listdir(plugin_dir) 
 
#iterate through list and save table 
res_list = [JulichAnalysis(file) for file in SampleList if file.endswith("csv")] 
resDf = pd.concat(res_list) 
resDf.columns = ['ID', 'total fenestrae area [µm]', 'fenestrae number', 'fenestrae 
diameter [nm]'] 
resDf.to_excel(res_dir+"Total_Results.xlsx") 
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9.7. Organ weights of male db/db mice treated with NRP1SEMA3A  

Supplementary Figure 7. Organ weights of db/db mice treated with NRP1SEMA3A. 
Organ weights of db/db versus db/+ mice including liver, pancreas, heart, gonadal white fat, gastrocnemius muscle, brown 
adipose 8ssue, spleen, and kidney. For sta8s8cal analysis a two-tailed unequal variances t-test was used for sta8s8cal 
analysis (n = 6-8). In all graphs data points, mean ± s.e.m., and the p-values are presented. 
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9.8. Rela7ve organ weights of male db/db mice treated with NRP1SEMA3A  

Supplementary Figure 8. Organ weight in relaGon to body weight of db/db mice treated with NRP1SEMA3A. 
Organ weights in rela8on to the body weight (%) of db/db versus db/+ mice including liver, pancreas, heart, gonadal white 
fat, gastrocnemius muscle, brown adipose 8ssue, spleen, and kidney. For sta8s8cal analysis a two-tailed unequal variances 
t-test was used for sta8s8cal analysis (n = 6-8). In all graphs data points, mean ± s.e.m., and the p-values are presented. 
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9.9. BioRender publica7on licenses 

Supplementary Figure 9. PublicaGon license for Figure 4. 
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Supplementary Figure 10. PublicaGon license for Figure 23a. 
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Supplementary Figure 11. PublicaGon license for Figure 23b. 
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Supplementary Figure 12. PublicaGon license for Figure 23b. 
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9.10. PamGene – Upstream kinase analysis 

Supplementary Table 1. Raw PamGene data from the upstream kinase analysis. 

 

 

 

Kinase Uniprot ID Kinase Name Kinase Group Kinase Family Mean Specificity ScoreMean Significance Score Mean Final Score Median Final score Mean Kinase Statistic Median Kinase Statistic SD Kinase Statitistic Mean peptide set size
P17252 PKC[alpha] AGC PKC 2.554411116 2.211895363 4.766306479 4.795880017 0.947945333 0.932912435 0.032879843 27.33333333
Q13237 PKG2 AGC PKG 2.645956532 2.02928951 4.675246041 4.795880017 0.945552239 0.95242151 0.027854089 35.77777778
P17612 PKA[alpha] AGC PKA 2.698970004 1.88648554 4.585455544 4.443697499 0.865356289 0.871424622 0.02096102 52.22222222
Q13976 PKG1 AGC PKG 2.579060977 1.829472328 4.408533305 4.443697499 0.934222825 0.933026004 0.053781785 39.33333333
P51817 PRKX AGC PKA 2.266071662 1.803858829 4.069930491 4.397940009 0.892547142 0.900011277 0.049612853 32
Q9P1W9 Pim2 CAMK PIM 1.985199454 2.028205083 4.013404537 4.251811973 0.807305007 0.80900584 0.048422125 37.11111111
Q9UBS0 p70S6K[beta] AGC RSK 2.095330972 2.089741515 4.185072487 4.055517328 0.975849283 0.965238406 0.076337519 24
P11309 Pim1 CAMK PIM 1.826750164 1.853037763 3.679787927 3.665546249 0.737005959 0.732427471 0.011501612 59.55555556
Q86V86 Pim3 CAMK PIM 1.636851382 1.80846608 3.445317461 3.540607512 0.731299982 0.729693443 0.010575007 56.88888889
Q05655 PKC[delta] AGC PKC 1.277574027 2.211895363 3.48946939 3.318758763 0.825760292 0.792242025 0.061976809 22.22222222
P31751 Akt2/PKB[beta] AGC AKT 1.438042353 1.749835232 3.187877585 3.251811973 0.823861763 0.836907968 0.033037781 25.77777778
P05129 PKC[gamma] AGC PKC 0.929481911 2.211895363 3.141377274 3.15739076 0.8242932 0.833750036 0.038894993 13.88888889
Q02156 PKC[epsilon] AGC PKC 0.806169881 2.125434113 2.931603994 2.929592678 0.737600885 0.76633781 0.090539703 18.66666667
O75116 ROCK2 AGC DMPK 0.740989402 2.253908148 2.99489755 2.929592678 0.906199966 0.873026458 0.109047201 4.4
Q15139 PKD1 CAMK PKD 0.681365947 2.211895363 2.89326131 2.899629455 0.870418803 0.870418803 0 5
Q04759 PKC[theta] AGC PKC 0.670585331 2.211895363 2.882480693 2.846490011 0.711255937 0.727164518 0.04552574 20
O15111 IKK[alpha] Other IKK 1.145256393 1.669570703 2.814827096 2.731422028 1.188629917 1.134331997 0.081446879 3.666666667
P31749 Akt1/PKB[alpha] AGC AKT 1.075983739 1.749835232 2.825818971 2.70333481 0.775382999 0.793280249 0.056864472 25.66666667
P24723 PKC[eta] AGC PKC 0.584603731 2.211895363 2.796499094 2.660747366 0.689785148 0.758347049 0.130041124 12.77777778
Q9HBY8 SGK2 AGC SGK 0.647974472 2.043171592 2.691146064 2.630784143 0.734943273 0.737427449 0.059003173 16.22222222
Q16644 MAPKAPK3 CAMK MAPKAPK 0.759497139 1.798269371 2.557766511 2.580374639 0.662117213 0.713408868 0.097607835 36.22222222
Q16566 CaMK4 CAMK CAMK1 0.967168057 1.587861313 2.55502937 2.540607512 0.889471077 0.916610125 0.067041736 9.888888889
Q96GD4 AurB/Aur1 Other AUR 0.732054945 1.88648554 2.618540485 2.509199048 0.948215399 0.9511858 0.005894207 3.777777778
P48729 CK1[alpha] CK1 CK1 0.384479828 1.938629531 2.323109359 2.501413791 0.622607841 0.672098457 0.134844205 9.777777778
O14920 IKK[beta] Other IKK 0.585273166 1.709199111 2.294472276 2.422048872 0.81608064 0.939718846 0.177395573 3.666666667
Q15131 CDK10 CMGC CDK 0.52272606 1.861925123 2.384651183 2.403622856 0.755243529 0.771162521 0.058261897 6.333333333
Q13131 AMPK[alpha]1 CAMK CAMKL 0.765800333 1.669817532 2.435617865 2.402304814 0.801332658 0.796444201 0.014972591 11.44444444
P42345 mTOR/FRAP Atypical PIKK 0.444809069 1.993397922 2.438206991 2.394479477 0.715065264 0.710196095 0.034772163 5.888888889
Q13153 PAK1 STE STE20 0.48194685 1.853037763 2.334984613 2.288361462 0.732701862 0.732701862 0 6
P23443 p70S6K AGC RSK 0.291064062 1.987913298 2.27897736 2.285335007 0.605088626 0.589060252 0.069099845 19.44444444
P48730 CK1[delta] CK1 CK1 0.467785982 1.736830361 2.204616343 2.204616343 0.779624329 0.779624329 0 3
O43930 PRKY AGC PKA 0.322841106 1.688794178 2.011635284 2.189229989 0.594220826 0.634288323 0.09839471 9.666666667
O14965 AurA/Aur2 Other AUR 0.401558416 1.853037763 2.254596179 2.142667504 0.687198605 0.687198605 0 5
P05771 PKC[beta] AGC PKC 0.384898105 1.853037763 2.237935868 2.142667504 0.66016695 0.66016695 0 10
Q00532 CDKL1 CMGC CDKL 0.419454077 1.72667746 2.146131537 2.111034656 0.701562133 0.633216054 0.183051972 4.8
P49674 CK1[epsilon] CK1 CK1 0.446116973 1.619788758 2.065905732 2.065905732 0.779624329 0.779624329 NA 3
Q00537 PCTAIRE2 CMGC CDK 0.399667872 1.588948804 1.988616676 2.048468209 0.68932988 0.706134748 0.037576826 3.2
Q96S38 RSKL1 AGC RSKL 0.371928854 1.686232932 2.058161786 2.040411565 0.68662522 0.68662522 0 3
P49137 MAPKAPK2 CAMK MAPKAPK 0.261709854 1.669817532 1.931527385 1.957030927 0.583732117 0.581365394 0.037718245 30.55555556
P41743 PKC[iota] AGC PKC 0.224235766 1.821434348 2.045670114 1.95093711 0.5662469 0.566135652 0.021413205 15.33333333
O94921 PFTAIRE1 CMGC CDK 0.305218576 1.691494468 1.996713044 1.946775356 0.612498105 0.612498105 0 3
O96017 CHK2 CAMK RAD53 0.310116403 1.562515051 1.872631454 1.890084137 0.585350606 0.571341996 0.085919411 18.77777778
P16066 ANP[alpha] RGC RGC 0.125480804 1.526168022 1.651648826 1.720515571 0.510317367 0.513539949 0.030995856 21
Q05513 PKC[zeta] AGC PKC 0.202886351 1.484477244 1.687363595 1.644970144 0.531863242 0.540771782 0.017677334 9.222222222
Q15349 RSK1/p90RSK AGC RSK 0.275138246 1.347616926 1.622755173 1.642217564 0.584694537 0.584694537 0 5
Q15418 RSK3 AGC RSK 0.227251399 1.387361756 1.614613155 1.613322716 0.552524556 0.552524556 0 9
Q14164 IKK[epsilon] Other IKK 0.267979539 1.330323276 1.598302815 1.58898671 0.581954883 0.580283733 0.05571073 7
Q96Q40 PFTAIRE2 CMGC CDK 0.169663666 1.335926485 1.505590152 1.535689334 0.463587793 0.481270414 0.027925131 6.111111111
P51812 RSK2 AGC RSK 0.272550295 1.243000264 1.51555056 1.530177984 0.580694059 0.580694059 0 9
O75582 MSK1 AGC RSK 0.2134308 1.225643071 1.43907387 1.427639633 0.524812922 0.524812922 0 7
Q9UIK4 DAPK2 CAMK DAPK 0.386026762 1.262344376 1.648371138 1.427221305 0.693710162 0.586221077 0.161233627 4.333333333
P68400 CK2[alpha]1 Other CK2 0.139731679 1.145722313 1.285453992 1.281000362 0.415853987 0.407337985 0.025548006 4.888888889
P49841 GSK3[beta] CMGC GSK 0.251245986 0.999823273 1.251069259 1.271581282 0.556461119 0.555228407 0.003698136 6.888888889
P53355 DAPK1 CAMK DAPK 0.124730375 1.106624289 1.231354664 1.231354664 0.348058328 0.348058328 0 3
P04049 RAF1 TKL RAF 0.201985081 0.978187165 1.180172246 1.179509545 0.510098658 0.507525533 0.007719375 6.888888889
Q9HBH9 MNK2 CAMK MAPKAPK 0.15971135 0.937153001 1.096864351 1.086050287 0.392519492 0.392519492 0 3
O15075 DCAMKL1 CAMK DCAMKL 0.230729556 0.852031366 1.082760923 1.06324891 0.499142901 0.499142901 0.147695756 3.5
O95819 HGK/ZC1 STE STE20 0.222415371 1.141737567 1.364152938 1.048934608 0.535885086 0.452455284 0.124146736 5.428571429
Q13535 ATR Atypical PIKK 0.040142715 0.922926271 0.963068986 0.990787139 0.26762219 0.274439163 0.020450917 7.888888889
P10398 ARAF TKL RAF 0.128884536 0.560232206 0.689116741 0.68907739 0.328247025 0.328247025 0 3
P15056 BRAF TKL RAF 0.110198113 0.483808915 0.594007028 0.660230656 0.294325196 0.328247025 0.067311542 3.222222222
Q00534 CDK6 CMGC CDK 0.088322928 0.541439374 0.629762303 0.657088027 0.352255695 0.368255287 0.047998776 6.888888889
P51955 Nek2 Other NEK 0.187355725 0.4347001 0.622055825 0.625471606 0.429057912 0.429057912 0 3
O76039 CDKL5 CMGC CDKL 0.072971545 0.40473981 0.477711355 0.538347641 0.29673915 0.317288191 0.047540018 6.125
O60285 NuaK1 CAMK CAMKL 0.061098835 0.450605928 0.511704763 0.532563575 0.214792901 0.224112888 0.020840123 4.6
O43293 DAPK3 CAMK DAPK 0.093881054 0.401947898 0.495828952 0.455802927 0.259533629 0.245866483 0.04100144 3.111111111
O15264 p38[delta] CMGC MAPK 0.005477553 0.369712361 0.375189914 0.390704471 0.227967879 0.245198713 0.046797472 16.88888889
Q15759 p38[beta] CMGC MAPK 0.085203854 0.421070108 0.506273962 0.382277541 0.285579773 0.235473247 0.120877645 5.5
Q9Y6S9 RSKL2 AGC RSKL 0.112586916 0.247553956 0.360140872 0.358206707 0.297229955 0.297229955 0 3
Q00526 CDK3 CMGC CDK 0.017421901 0.267495342 0.284917243 0.348369265 0.199309418 0.233518764 0.061203631 11.77777778
Q9UPZ9 ICK CMGC RCK 0.086388472 0.206860149 0.29324862 0.340848527 0.225618887 0.266159217 0.070217911 3.333333333
P53778 p38[gamma] CMGC MAPK 0.034750406 0.287496745 0.322247151 0.336050439 0.251202568 0.262705833 0.061147251 10.11111111
Q13164 ERK5 CMGC MAPK 0.020597878 0.312462579 0.333060457 0.308883129 0.239966277 0.243339634 0.043459936 12.11111111
O14757 CHK1 CAMK CAMKL 0.014317926 0.315036951 0.329354877 0.302265147 0.183032684 0.181027752 0.072257459 10
P49840 GSK3[alpha] CMGC GSK 0.066600324 0.241536836 0.30813716 0.289304306 0.254222857 0.244987914 0.026120362 4.75
P45984 JNK2 CMGC MAPK 0.003306164 0.284813724 0.288119888 0.275947071 0.227448695 0.228171535 0.014722526 18.88888889
P50613 CDK7 CMGC CDK 0.003981583 0.238763077 0.24274466 0.251548374 0.179556495 0.196443101 0.054279677 13.77777778
P27361 ERK1 CMGC MAPK 0.002929888 0.267973733 0.27090362 0.234456612 0.214334232 0.201854448 0.044702267 20.44444444
P45983 JNK1 CMGC MAPK 0.00038662 0.227404955 0.227791575 0.223298816 0.193113065 0.191137139 0.006651817 25.55555556
P53779 JNK3 CMGC MAPK 0.00038662 0.234540146 0.234926766 0.223298816 0.195446384 0.191137139 0.009103434 25.11111111
Q96L96 AlphaK1 Atypical Alpha 0.044831899 0.158900377 0.203732275 0.203732275 0.166598522 0.166598522 0 4
Q92772 CDKL2 CMGC CDKL 0.049342354 0.146212991 0.195555344 0.203317263 0.14822686 0.15370217 0.013411715 3.166666667
Q8NI60 ADCK3 Atypical ABC1 0.028822406 0.199061485 0.227883891 0.201211286 0.213084904 0.193667557 0.047009882 7.777777778
P24941 CDK2 CMGC CDK 0.001064614 0.162586929 0.163651542 0.193334431 0.137557908 0.161141281 0.058140977 16.44444444
P28482 ERK2 CMGC MAPK 0.001163958 0.17174729 0.172911247 0.162411562 0.152535038 0.162578137 0.059371782 18.11111111
Q13627 DYRK1A CMGC DYRK 0.03035139 0.08939145 0.119742839 0.159704704 -0.071255833 -0.116306839 0.069792718 3.333333333
Q16539 MAPK14 CMGC MAPK 0.001065004 0.118780351 0.119845354 0.13430394 0.079465228 0.093907905 0.070476025 13.77777778
P06493 CDC2/CDK1 CMGC CDK 0.00028982 0.135125356 0.135415175 0.122347663 0.123181405 0.130731117 0.024841808 18.55555556
Q9BWU1 CDK11 CMGC CDK 0.022494119 0.086582882 0.109077001 0.111568879 -0.117424006 -0.117424006 0 5
Q13464 ROCK1 AGC DMPK 0.085335259 0.314392188 0.399727446 0.107673835 0.208344975 0.066734746 0.193907792 3.4
P11802 CDK4 CMGC CDK 0.010852205 0.118024282 0.128876487 0.10066986 0.107251553 0.093601158 0.040951185 7.222222222
Q8TD08 ERK7 CMGC MAPK 0.034328029 0.061480275 0.095808304 0.095808304 -0.089991447 -0.089991447 NA 3
Q00535 CDK5 CMGC CDK 0.00038662 0.077528883 0.077915503 0.078833949 0.081137821 0.081137821 0 13
P50750 CDK9 CMGC CDK 0.003593002 0.060134248 0.06372725 0.054098321 -0.0542129 -0.037301313 0.025367381 8.666666667
Q16512 PKN1/PRK1 AGC PKN 0.011841907 0.128715018 0.140556924 0.037882695 0.083048406 0.023778046 0.117628867 6.555555556
Q9UHD2 TBK1 Other IKK 0.011058953 0.049645101 0.060704054 0.031024197 0.044470387 0.028745444 0.058612025 3.888888889
Q8IWB6 SgK307 Other NKF5 0.010513702 0.040159306 0.050673008 0.016763535 -0.017885086 0.013991936 0.04364941 4.2
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9.11. PamGene – Mul7ple Treatments versus control 

Supplementary Table 2. Raw PamChip data with an MTvC analysis.  
MTvC::c_clusterID UniprotAccession MTvC::__LogFC

1 ACM1_421_433 P11229 NA 2.41E-02
1 ACM1_444_456 P11229 NA 1.50E-02
1 ACM4_456_468 P08173 NA -3.52E-02
1 ACM5_494_506 P08912 NA -3.91E-02
1 ACM5_498_510 P08912 NA 8.89E-03
1 ADDB_696_708 P35612 NA 0.100581072
1 ADDB_706_718 P35612 NA 3.78E-02
1 ADRB2_338_350 P07550 NA 0.147653192
1 ANDR_785_797 P10275 NA 1.98E-02
1 ANXA1_209_221 P04083 NA 7.42E-02
1 ART_025_CXGLRRWSLGGLRRWSL NA NA 0.191061974
1 BAD_112_124 Q92934 NA 7.24E-02
1 BAD_69_81 Q92934 NA 2.06E-02
1 BAD_93_105 Q92934 NA -1.12E-03
1 BCKD_45_57 O14874 NA -2.00E-02
1 C1R_201_213 P00736 NA -7.38E-02
1 CA2D1_494_506 P54289 NA 1.06E-02
1 CAC1C_1974_1986 Q13936 NA 0.175549507
1 CD27_212_224 P26842 NA 7.90E-03
1 CDC2_154_169 P06493 NA -7.18E-02
1 CDK7_163_175 P50613 NA 3.44E-02
1 CDN1A_139_151 P38936 NA 7.32E-02
1 CENPA_1_14 P49450 NA 7.09E-02
1 CFTR_730_742 P13569 NA 0.226199344
1 CFTR_761_773 P13569 NA 0.160702318
1 CGHB_109_121 P01233 NA 5.91E-02
1 CREB1_126_138 P16220 NA 0.201731116
1 CSF1R_701_713 P07333 NA 0.126329616
1 DCX_49_61 O43602 NA -7.03E-03
1 DESP_2842_2854 P15924 NA 0.230426982
1 E1A_ADE05_212_224 P03255 NA 0.141681284
1 EPB42_241_253 P16452 NA 0.261624515
1 ERBB2_679_691 P04626 NA 1.01E-02
1 ERF_519_531 P50548 NA 0.148583978
1 ESR1_160_172 P03372 NA 0.146335796
1 F263_454_466 Q16875 NA 0.216396719
1 FIBA_569_581 P02671 NA 9.45E-02
1 FOXO3_25_37 O43524 NA 4.05E-02
1 FRAP_2443_2455 P42345 NA 9.05E-02
1 GBRB2_427_439 P47870 NA 0.203547284
1 GPR6_349_361 P46095 NA 1.53E-02
1 GPSM2_394_406 P81274 NA 0.251258194
1 GRIK2_708_720 Q13002 NA 0.180868909
1 GSUB_61_73 O96001 NA -9.05E-03
1 GYS2_1_13 P54840 NA -5.51E-03
1 H2B1B_ 27_40 P33778 NA 3.76E-02
1 H32_3_18 Q71DI3 NA 4.25E-02
1 IF4E_203_215 P06730 NA 1.79E-02
1 KAP2_92_104 P13861 NA 0.139130786
1 KAP3_107_119 P31323 NA 0.214807898
1 KAPCG_192_206 P22612 NA -6.28E-02
1 KCC2G_278_289 Q13555 NA 3.66E-02
1 KCNA1_438_450 Q09470 NA 0.107097909
1 KCNA2_442_454 P16389 NA 9.07E-02
1 KCNA3_461_473 P22001 NA 4.74E-02
1 KCNA6_504_516 P17658 NA 0.223352045
1 KCNB1_489_501 Q14721 NA 3.51E-02
1 KIF2C_105_118_S106G Q99661 NA 0.221979141
1 KPB1_1011_1023 P46020 NA 0.245110035
1 KPCB_19_31_A25S P05771 NA 0.125618547
1 KPCB_626_639 P05771-2 NA 0.295580536
1 KS6A1_374_386 Q15418 NA 0.110961534
1 LIPS_944_956 Q05469 NA 0.149045378
1 LMNB1_16_28 P20700 NA -7.58E-02
1 MARCS_152_164 P29966 NA -4.30E-02
1 MARCS_160_172 P29966 NA -5.53E-02
1 MBP_222_234 P02686 NA 6.25E-02
1 MP2K1_287_299 Q02750 NA 9.98E-02
1 MPIP1_172_184 P30304 NA 2.95E-02
1 MPIP3_208_220 P30307 NA -8.26E-02
1 MYPC3_268_280 Q14896 NA 0.174093813
1 NCF1_296_308 P14598 NA 0.187909886
1 NCF1_321_333 P14598 NA 0.300800711
1 NEK2_172_184 P51955 NA -2.44E-02
1 NEK3_158_170 P51956 NA 4.54E-03
1 NFKB1_330_342 P19838 NA 0.194599345
1 NMDZ1_890_902 Q05586 NA 0.142136008
1 NOS3_1171_1183 P29474 NA -2.52E-02
1 NR4A1_344_356 P22736 NA 2.28E-02
1 P53_12_24 P04637 NA -0.138837144
1 P53_308_323 P04637 NA 5.51E-02
1 PLEK_106_118 P08567 NA 3.76E-02
1 PLM_76_88 O00168 NA 5.89E-02
1 PP2AB_297_309 P62714 NA -0.227775574
1 PPR1A_28_40 Q13522 NA -6.14E-03
1 PRKDC_2618_2630 P78527 NA 1.82E-02
1 PTK6_436_448 Q13882 NA 0.185808748
1 PTN12_32_44 Q05209 NA 0.275445759
1 PYGL_8_20 P06737 NA 0.181282714
1 RAF1_253_265 P04049 NA 4.31E-02
1 RAP1B_172_184 P61224 NA 8.55E-02
1 RBL2_655_667 Q08999 NA -1.79E-02
1 RB_242_254 P06400 NA 4.52E-02
1 RB_350_362 P06400 NA 3.55E-03
1 RB_803_815 P06400 NA 4.89E-03
1 REL_260_272 Q04864 NA 8.45E-02
1 RS6_228_240 P62753 NA 0.154441074
1 RYR1_4317_4329 P21817 NA 9.07E-02
1 SCN7A_898_910 Q01118 NA 0.13361302
1 STK6_283_295 O14965 NA 5.93E-02
1 STMN2_90_102 Q93045 NA 0.169755742
1 TAU_524_536 P10636 NA -9.41E-02
1 TOP2A_1463_1475 P11388 NA 0.215184405
1 TY3H_65_77 P07101 NA 0.337294757
1 VASP_150_162 P50552 NA 0.300336927
1 VASP_232_244 P50552 NA 0.110239029
1 VASP_271_283 P50552 NA 6.45E-02
1 VTNC_390_402 P04004 NA 0.168493271
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