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your love and support. Kasper, without you I would not have gotten to the main entrance in the first place. You 

keep me grounded, you make me happy, and you have always been there. A mere ‘thank you’, hardly seems 

enough.   
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Abstract  
 

In membranes of mammalian cells, cholesterol regulates several biophysical properties, including the 

barrier function. The cholesterol content of membranes varies greatly from organelle to organelle, and correct 

cholesterol transportation is essential for homeostasis and health. Cells can obtain cholesterol by receptor-

mediated uptake of low-density lipoproteins (LDL) from the bloodstream. Both the LDL and its receptor are 

internalized into the cell but will separate in the low pH environment of endosomes. The LDL will eventually 

end up in the late endosome/lysosomes (LE/LYSs), where it is degraded, and cholesteryl esters are hydrolyzed 

by acid lipases. By the work of the two lysosomal proteins Niemann Pick type C1 and C2 (NPC1, NPC2) 

unesterified cholesterol can leave the LE/LYSs and reach other cellular organelles. How, and by which intra-

cellular routes, cholesterol reaches other subcellular compartments, is not yet fully understood. The absence 

of functional NPC1 or NPC2 gives rise to the neurodegenerative Niemann Pick type C disease, in which cho-

lesterol together with other lipid species accumulates within LE/LYSs. Independent of which NPC protein is 

dysfunctional, the clinical phenotype appears to be identical. However, the mitochondrial cholesterol content 

differs, depending on which protein is deficient. Despite this low content, the cholesterol is very important for 

the maintenance of the mitochondrial membranes and the production of oxysterols and steroid hormones. Mi-

tochondria can receive cholesterol from several subcellular sources, including LE/LYSs in a process depending 

on NPC2. Such a transfer process could likely take place across membrane contact sites (MCSs).  

 

This thesis presents new insights into NPC2’s role in cellular cholesterol traffic, along with several 

new tools that have been developed and applied. In publication I, we have used a combination of advanced 

microscopy and quantitative analyses to examine NPC2’s role in sterol efflux from LE/LYSs. We showed that 

NPC2 protein accelerates sterol efflux from LE/LYSs, in a process that was accompanied by a reallocation of 

LE/LYSs to the cell periphery. From peripheral LE/LYSs sterol could reach the plasma membrane and from 

there be released by shedding of extracellular vesicles. The ultrastructure of extracellular vesicles was exam-

ined with cryo soft X-ray tomography, a technique we also applied in publication II. Here it revealed mito-

chondria in close contact with endosome-like organelles. To explore such interactions further, we developed a 

quantitative imaging strategy, which showed that approximately 30 % of NPC2-containing LE/LYSs form 

contact sites with mitochondria in primary human fibroblasts. By analyzing their movement, we found that 

these could either be transient or longer lasting, of which the latter could pave the way for sterol transfer 

between the organelles. Lastly, in chapter 3 we show unpublished results of fluorescence sterol probes that are 

incorporated in LDL and taken up by cells. These have a high potential to become valuable tools in imaging 

intracellular cholesterol trafficking and release.  
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Resumé (Danish) 
 

Kolesterol regulerer flere biofysiske egenskaber af pattedyr cellemembraner, herunder barrierefunkti-

onen. Kolesterolindholdet varierer meget fra organel til organel, og korrekt kolesterol transport er essentiel for 

homøostases og et godt helbred. Celler kan optage kolesterol fra blodbanen, via receptor medieret optag af lav-

densitet lipoproteiner (LDL). Både LDL og dets receptor bliver internaliseret, men vil separeres i det lave pH 

miljø i endosomer. LDL vil med tiden ende i sene endosomer/lysosomer (SE/LYS), hvor det vil blive nedbrudt, 

og kolesterol estere vil blive hydrolyseret af lipaser, til fri kolesterol. Ved hjælp af de to lysosomale proteiner 

Niemann Pick type C1 og C2 (NPC1, NPC2) kan fri kolesterol forlade SE/LYS og komme til andre cellulære 

organeller. Hvordan og via hvilke intracellulære ruter kolesterol når til andre cellulære organeller, er dog ikke 

fuldt forstået endnu. Manglende funktionel NPC1 eller NPC2 giver ophav til den neurodegenerative Niemann 

Pick type C sygdom, hvor kolesterol og andre typer af lipider akkumulerer i SE/LYS. Uafhængigt af hvilket 

NPC protein der er dysfunktionelt, lader den kliniske fænotype til at være den samme. Dog varierer det mito-

kondrielle kolesterolindhold, alt efter hvilket protein der er defekt. På trods af det lave kolesterolindhold i 

mitokondrier, er kolesterol meget vigtigt for membran vedligeholdelsen, samt for produktionen af oxysteroler 

og steroid hormoner. Mitokondrier kan modtage kolesterol fra flere forskellige organeller, inklusiv SE/LYS 

via en proces som afhænger af NPC2. Sådan en overførelse, kunne finde sted over membran kontakt steder 

(MKS).  

 

Denne afhandling præsenterer ny indsigt i NPC2s rolle i transport af kolesterol, samt flere ny udviklede 

og anvendte værktøjer. I publikation I har vi brugt en kombination af avanceret mikroskopi og kvantitativ 

analyse til at undersøge NPC2’s rolle i sterol effluks fra SE/LYS. Vi har vist at NPC2 accelerer sterol udstrøm-

ningen fra SE/LYS, i en proces som var akkompagneret med omfordelingen af SE/LYS til cellens periferi. Fra 

perifere SE/LYS kunne sterol nå plasmamembranen, hvorfra det kunne blive frigivet via extracellulære vesik-

ler. Ultrastrukturen af sådanne extracellulære vesikler var undersøgt med blød røntgen tomografi under kryo-

temperatur, en teknik vi også brugte i publikation II. Her afslørede den at mitokondrier er i tæt kontakt med 

endosome-lignende organeller. For videre undersøgelse af sådanne interaktioner, udviklede vi en kvantitativt 

billede-baseret strategi, som viste at ca. 30 % af NPC2 indeholdende SE/LYS danner kontakt med mitokondrier 

i primære fibroblaster. Ved at analysere bevægelsen af disse interaktioner, fandt vi at sådanne MKS kunne 

være enten transiente eller længerevarende, hvoraf den sidstnævnte kunne udgøre steder for sterol overføresel 

mellem organellerne. Endelig, i kapitel 3 viser vi upublicerede resultater af fluorescerende sterolprober inkor-

poreret i LDL, der kan optages af celler. Disse har stort potentiale for at blive værdifulde værktøjer i mikro-

skopi af intracellulær kolesterol transport og frigivelse.                               
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Abbreviations 
 

LDL-cholesterol Cholesterol derived from LDL 

LDL-CTL LDL reconstituted with CTL oleate  

LDL-CTL-DBD LDL reconstituted with CTL-DBD 

LE/LYS Late endosome/lysosome 

LPDS Lipoprotein deprived serum 

MCS Membrane contact site 

MLN64 Metastatic lymph node protein 64  

mTORC1 Mechanistic target of rapamycin  

NPC Niemann Pick type C 

NPC1 Niemann Pick type C1 protein 

NPC2 Niemann Pick type C2 protein 

NPC2-A546 NPC2 labeled with a Alexa546 

fluorophore 

nSREBP N-terminal transcription-factor of 

SREBP                

ORPL1 Oxysterol-related protein 1L  

PCSK9 Proprotein convertase substili-

tin/kexin type 9  

PFO Perifringolysin O 

PG Phosphatidylglycerol  

Rh-dex Rhodamine-dextran  

RMSE Root mean square error 

ROI Region of interest  

RXRs Retinoid X receptors 

SCAP Cholesterol-sensing protein 

SEM Scanning electron microscopy  

SREBP Sterol regulatory binding protein 2 

SXT Soft X-ray tomography  

TF-chol TopFluor-cholesterol  

TF-chol/MCD TF-chol in complex with methyl-β-

cyclodextrin 

TFEB Transcription factor EB 

TIRF Total internal reflection  

TLC Thin layer chromatography  

TRMPL1 Mucolipin TRP channel 1  

VLDL Very-low-density lipoproteins 

ABCA1 ATP-binding cassette transporter A1 

ALO-D4 Cholesterol binding domain 4 of  

anthrolycin O 

ApoA1 Apolipoprotein A1 

ApoB-100 Apolipoprotein B100  

Chol-DBD DBD fluorophore on the fatty acid on 

a cholesteryl ester   

CLEAR Coordinated lysosomal and regulation  

CLEM Correlative light and electron micros-

copy 

CoA Coenzyme A 

ConA Concanamycin A 

CTL Cholestatrienol 

CTL-DBD DBD fluorophore on the fatty acid on 

a CTL ester   

CTL oleate Cholestatrienol oleate  

DAB Diaminobenzidine  

DBD [1,3]dioxolo[4,5-f][1,3]benzodixole  

DHE Dehydroergosterol 

EDT Euclidian distance transform 

ER Endoplasmic reticulum 

FIB-SEM Focused ion beam SEM  

FLIP Fluorescence loss in photobleaching  

FRET Förster resonance energy transfer 

HDL High-density lipoprotein 

HMG 3-hydroxy-3-methylglutaryl 

IDOL Inducible degrader of LDL receptor 

ILV Intraluminal vesicle 

LBPA Lysobisphosphatidic acid 

LDL Low-density lipoprotein  

LDL-BC-LN LDL labeled with BODIPY-choles-

teryl linoleate  

LDL-chol-

DBD 

LDL reconstituted with chol-DBD 
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Chapter 1 - Introduction  
 

The human body consists of trillions of cells [1], each surrounded by a plasma membrane, and its 

interior organized by membrane-bound organelles. Phospholipids, sphingolipids, and cholesterol are the three 

main membrane lipid species [2]. The latter has gotten a bad reputation due to the correlation between high 

cholesterol levels in the blood and cardiovascular diseases, but due to its biophysical properties in lipid mem-

branes and its role as a precursor for multiple compounds, it is essential for the cell.  

 

Especially since the Nobel Prize rewarded discovery of the low-density lipoprotein (LDL) receptor by 

Goldstein and Brown [3], extensive research of intracellular cholesterol transport has been going on. Multiple 

cholesterol trafficking pathways cooperate to maintain the cholesterol level of organelles, within their charac-

teristic ranges [4]. The importance of correct cholesterol trafficking becomes evident from diseases where this 

is disrupted. One example is the fatal Niemann Pick Type C (NPC) disease, in which cholesterol accumulates, 

together with other lipids, in late endosomes and lysosomes due to the deficiency of a single sterol transfer 

protein [5].   

 

Microscopy techniques have been and still are of great value to study cholesterol distribution in both 

fixed and living cells. Fluorescent analogs that closely resemble the structure of cholesterol make it possible 

to acquire images that are very true to the unique biophysical behavior and trafficking of cholesterol, in living 

cells [6]. Ultrastructural and super-resolution microscopy makes it possible to capture the nano-scale interac-

tions between cellular membranes involved in sterol transfer, and with innovative quantitative image analysis 

tools, such interactions can even be studied with conventional fluorescent confocal microscopy [7].  

 

In the following section, several aspects of intracellular cholesterol will be introduced. First, the cel-

lular synthesis, uptake, and regulation of cholesterol, as well as the NPC proteins and the disease will be de-

scribed. This will be followed by an introduction of intracellular cholesterol transport, in which the NPC pro-

teins again will be considered, due to their major role in this. To round up the cellular cholesterol journey, its 

efflux mechanisms, including some classical and more newly discovered pathways, will be introduced. Finally, 

a few fluorescent and ultrastructural microscopy tools, which have been extensively used in this project, will 

be described.   

 

As the work presented in this dissertation is a continuation of the work presented in the status report, 

almost two years ago, the topics of this chapter are similar to those introduced in the status report. Many of the 

same references, together with many new publications, are forming the foundation of this chapter. However, 
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none of the written sections or figures below are a direct reuse/copy from the status report, although similarities 

in the language and drawings might take place.  

 1.1 Cellular cholesterol synthesis, uptake, and regulation  
 

Cholesterol serves several important functions in the cell including being a precursor to steroid hor-

mones and bile acids, and by interacting with transmembrane proteins it helps to keep or change their config-

urations. In membranes, cholesterol regulates the fluidity, rigidity, and barrier functions in form of permeabil-

ity [8, 9]. The lipid composition of cellular membranes, hereunder also the amount of cholesterol, varies greatly 

from organelle to organelle. For example, the cholesterol concentration is high in the plasma membrane but 

relatively low in the endoplasmic reticulum (ER) [2], making the latter capable of sensing even small changes 

of cholesterol. When the amount of cholesterol exceeds the capacity of a membrane to retain the sterol, its 

proneness to leave, also known as its chemical activity, will increase [10].    

 
1.1.1 Cholesterol sources  

 

Cells can obtain cholesterol through uptake of LDL or de novo biosynthesis. The cholesterol synthesis 

pathway is complex, consists of multiple steps that involve more than 20 enzymes, is highly regulated, and 

start with the formation of mevalonate. Mevalonate is formed by the condensation of two acetyl-coenzyme A 

(CoA) molecules that forms acetoacetyl-CoA, which by the action of the 3-hydroxy-3-methylglutaryl-CoA 

(HMG-CoA) synthase, reacts with another acetyl-CoA to form HMG-CoA. The HMG-CoA-reductase per-

forms the last step in the mevalonate synthesis, which is both the rate-limiting and the commitment step, for 

the entire cholesterol synthesis process [11]. For this reason, the cholesterol lowering drugs statins, work by 

inhibiting the HMG-CoA-reductase that leads to increased uptake of LDL from the bloodstream [12]. In the 

following process, mevalonate is converted into two isoprenes, from which the precursor to all steroids, squa-

lene, is formed. To finally form cholesterol, squalene must be converted into lanosterol that can follow two 

different pathways; the Bloch or the Kandutsch-Russel pathway, which both lead to the formation of choles-

terol [11].  

 

Cholesterol can also be obtained from dietary sources through the Niemann-Pick type C1-like 1 pro-

tein, and likely other proteins, located on the apical membrane of enterocytes in the intestine. From the intes-

tine, the cholesterol is transferred to the liver in the form of chylomicrons. The liver is the main site for cho-

lesterol synthesis and supplies the bloodstream with both endogenous and exogenous cholesterol, which is 

transported in very-low-density lipoproteins (VLDLs). Through processing in the bloodstream, including de-

livery of triglycerides to target tissue, VLDLs become LDLs [9, 13]. LDL particles are around 22 nm in diam-

eter, have a core consisting of mainly cholesteryl esters (~1600 molecules) and to a minor extend triglycerides  
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 (~170 molecules) and a surface monolayer containing mostly 

phospholipids, and a single copy of the apolipoprotein B100 

(apoB-100). A few percent of the cholesteryl esters and triglyc-

erides are located towards the surface of the particle. Approxi-

mately 600 molecules of unesterified cholesterol are found in 

the LDL, of which one-third of these are in the core, and the 

remaining on the surface [14] (Fig. 1.1). The apoB-100 can 

bind to cellular LDL-receptors and initiate clathrin-mediated 

endocytosis [15, 16]. The newly formed endosomes containing 

both LDL particles and receptors will start to fuse with pre-

existing sorting/early endosomes located in the cellular periph-

ery. In the low pH environment (pH ~6) of the sorting endo-

somes, the LDL particle is separated from its receptor. The receptor can then be recycled back to the plasma 

membrane for reuse or be degraded in the late endosomes and lysosomes [17, 18]. Since several features are 

shared between late endosomes and lysosomes, including major lysosomal proteins, and a low luminal pH rich 

on hydrolases [19], they will throughout this thesis be referred to as late endosomes/lysosomes (LE/LYSs). In 

the LE/LYSs, the LDL is degraded and cholesteryl ester is hydrolyzed by lysosomal acid lipases to unesterified 

(free) cholesterol [20, 21]. The small soluble Niemann Pick type C2 protein (NPC2), found in the lumen of 

LE/LYSs, can then bind the free cholesterol and make it available for other LE/LYS proteins [22] located in 

the perimeter of LE/LYSs, such as the Niemann Pick type C1 protein (NPC1). These proteins can mediate the 

final transfer of free cholesterol out of the lysosomes to other cellular compartments [23].  

 
1.1.2 The Niemann Pick Type C proteins and disease  
 

NPC1 consists of 1278 amino acids that compromise 13 transmembrane passes and 3 luminal domains; 

an N-terminal domain, a middle luminal domain, and a C-terminal domain [5, 24]. The mature NPC2 is a 

single-domain lysosomal luminal protein consisting of 132 amino acids and an additional 19 amino acid signal 

peptide [24, 25]. NPC2 binds to the hydrocarbon chain of cholesterol, which gets buried deep into the hydro-

phobic pocket [26], in an orientation opposite to that of NPC1. In 2008, Infante et al. showed with in vitro 

assays that NPC2 was required for the transfer of cholesterol from NPC1 to liposomes but could not from their 

study determine the mechanism for the transfer between NPC2 to NPC1. Instead, they suggested a model in 

which unesterified cholesterol is bound by NPC2 that hands it over to NPC1 [27]. Later it was shown that at 

low pH, NPC2 binds to the second luminal domain of NPC1, an interaction that gets stronger in the presence 

of cholesterol [28]. In the same study, a proposed model for the ‘cholesterol handover’ mechanism between 

the two proteins suggested that NPC2 carrying cholesterol would bind to the second luminal loop of NPC1. 

 
Figure 1.1 – Illustration of LDL. LDL are 
surrounded by a shell of phospholipids, 
unesterified cholesterol and a single copy of the 
apoB-100. The core consists mainly of choles-
teryl esters and to less extend triglycerides. The 
figure was created with Inkscape.  
LDL (low-density lipoprotein), ApoB-100 
(apolipoprotein B100).   
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This would bring the two proteins in proximity and enable the transfer of cholesterol from NPC2 to the amino 

terminal domain of NPC1. Once NPC1 accepted the cholesterol it would trigger NPC2 to be released from 

NPC1. Finally, the cholesterol would be inserted into the lysosomal membrane [28]. In 2016 the crystal struc-

ture of an NPC1-NPC2 complex showed that the middle luminal domain of NPC1 binds to the top of NPC2, 

which also revealed a putative cholesterol transfer tunnel between the binding pockets of NPC2 and NPC1 

[29]. Similar findings were recently found for the yeast homologs, NCR1 and yNPC2. Here the authors sug-

gested that either passive diffusion or an active pincer-like movement could drive the cholesterol transfer 

through the tunnel from the lumen, across the glycocalyx layer, and to the vacuolar membrane [30].        

 

Intraluminal vesicles (ILVs) of LE/LYS are highly enriched in 

cholesterol and lysobisphosphatidic acid (LBPA), which is structural re-

lated to phosphatidylglycerol (PG) [31-33]. LBPA is believed to be im-

portant for forming the membranes of ILVs, as well as for sorting and 

efflux of components, including cholesterol, from LE/LYSs [34]. LBPA 

accumulates together with cholesterol in the LE/LYSs of cells lacking 

functional NPC protein. Interestingly, lysosomal cholesterol clearance 

was enhanced by treating cells lacking functional NPC1 with LBPA or 

its precursor, PG. However, this was not the case for cells lacking func-

tional NPC2, which was found to interact directly with LBPA via its hy-

drophobic knob [34]. Cholesterol transfer by NPC2 between membranes 

was found to be enhanced in the presence of LBPA, and contrary inhib-

ited by anti-LBPA antibodies [35]. Therefore, it has been suggested that 

NPC2 functions to shuttle cholesterol from the membranes of ILVs to sterol transporters, such as NPC1, in the 

LE/LYSs limiting membrane. Cholesterol might reach the sterol transporter proteins either by direct interaction 

between NPC2 and the transporter or by lateral diffusion in the membrane [25] (Fig. 1.2). Additionally, NPC2 

might also act as a solubilizer preventing sterols from forming aggregates by keeping their concentration inside 

LE/LYSs below their critical micelle concentration [36].  

 

Lack of functional NPC1 or NPC2 protein gives rise to the rare (~ 1:120.000 birth) lysosomal storage 

disorder Niemann Pick Type C (NPCs) disease. In this neurodegenerative disease unesterified cholesterol and 

other lipids, including ganglioside, sphingomyelin, and sphingosine, accumulate in the LE/LYSs. 95 % of 

clinical cases are caused by mutated NPC1 protein and the remaining ones by mutated NPC2 protein. Inde-

pendent of which protein is disabled, the clinical phenotype appears to be identical, supporting the notion of 

NPC1 and NPC2 working together in the same pathway [5, 37, 38]. The degree of cholesterol accumulation in 

NPC disease does not closely correlate with the symptoms and onset of the disease. Several organs, including 

 
Figure 1.2 – NPC2 in the lumen of 
LE/LYSs. NPC2 might transfer 
cholesterol directly to NPC1 in a 
handover mechanism, and/or shuttle 
it from ILVs to the membrane of 
LE/LYSs, from where it can reach 
other proteins. See text for further 
details. The figure was created with 
Inkscape.  
ILV (intraluminal vesicle), LBPA 
(lysobisphosphatidic acid), LE/LYS 
(late endosome/lysosome).  
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the liver, spleen, lungs, and brain, especially Purkinje neurons in the cerebellum, can be affected in NPC dis-

ease. Both symptoms and onset are very variable, the latter ranging from right after birth to adult age [39, 40].   

 
1.1.3 Regulation of cholesterol homeostasis  
 

The sterol regulatory binding protein (SREBP) is a master regulator of cholesterol homeostasis. During 

cholesterol replete conditions, when the ER cholesterol levels are abundant, SREBP is retained in the ER in a 

complex with the cholesterol-sensing protein (SCAP) and Insig -1 or -2, two ER retention proteins [15]. Note-

worthy, oxidized derivates of cholesterol, such as 25-hydroxycholesterol, are generated when cholesterol lev-

els are high and are more potent in retaining SREBP-SCAP in the ER, than cholesterol [9]. Cholesterol bind 

to SCAP, which leads to a conformational change that causes SCAP to bind to Insig [41], whereas oxysterols 

bind to Insig promoting it to bind and retain SCAP in ER [9, 42]. A decline below 5 mol% of cholesterol in 

the ER will cause a conformational change of SCAP that will lead to the release of the SCAP-SREBP complex 

from Insig [43]. The SCAP-SREBP complex is packed into COPII coated vesicles and transferred to the Golgi, 

where SREBP is activated by the cleavage and release of its N-terminal transcription factor (nSREBP). 

nSREBP then translocates to the nucleus, where it binds to and activates the transcription of genes involved in 

cholesterol synthesis, metabolism, and uptake, including the LDL-receptor and the HMG-CoA reductase (Fig. 

1.3) [44, 45]. Interestingly, at the same time as SREBP is mediating LDL uptake, by activating transcription 

of the LDL-receptor, it also down-regulates the LDL-receptor by inducing the transcription of the Proprotein 

convertase substilitin/kexin type 9 (PCSK9). PCSK9 binds to the extracellular site of the LDL receptor, be-

comes internalized with it, and interferes with its ability to become recycled, thus promoting its lysosomal 

degradation [17, 46, 47] (Fig. 1.3).  

 

Complementary to and independent of the SREBP pathway, cholesterol homeostasis is further regu-

lated by the cholesterol sensing nuclear liver X receptors (LXRs). LXRs bind to its DNA response element as 

a heterodimer with isoforms of retinoid X receptors (RXRs) [48]. LXRs are activated by oxysterols, that upon 

activation induce transcription of genes which protect the cell from overloading with cholesterol. One of the 

efflux proteins, regulated by LXR, is the ATP-binding cassette transporter A1 (ABCA1) that mediates 

transport of phospholipids and cholesterol to lipid poor lipoproteins such as apolipoprotein A1 (apo-A1) found 

in high-density lipoproteins (HDL) [49]. Moreover, LXR regulates the level of LDL uptake through the action 

of the inducible degrader of LDL-receptor (IDOL). In contrast to PCSK9, IDOL is an E3 ubiquitin ligase that 

acts on the LDL receptor from the intracellular site promoting its degradation [17, 50, 51] (Fig. 1.3).  
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Figure 1.3 – Regulation of cholesterol homeostasis as an overview. During cholesterol-fed conditions, cholesterol 
and oxysterols will bind to SCAP and Insig respectively (green arrows), retaining SREBP in the ER. Additionally, 
oxysterol will activate LXR, which together with RXR can activate the transcription of genes that protect the cell from 
overloading with cholesterol. During low cholesterol conditions, SREBP will be released from SCAP and Insig in the 
ER, and move to the Golgi, where it will become activated (nSREBP). In the nucleus, nSREBP can activate the tran-
scription of genes involved in cholesterol biosynthesis and uptake, as well as PCSK9. PCSK9 acts from the extracel-
lular site, interfering with the recycling of the LDL receptor, causing the receptor to be degraded in the lysosome, rather 
than being recycled back to the plasma membrane. Idol promotes the LDL receptor degradation from the cytoplasmatic 
site, as a ubiquitin ligase. The figure was created with Inkscape.  
ABAC1 (ATP-binding cassette A1), Chol (cholesterol), ER (endoplasmic reticulum), HMG-CoA (3-hydroxy-3-
methylglutaryl-Coenzyme A), IDOL (inducible degrader of the LDL receptor), LDL (low-density lipoprotein), LDLR 
(LDL-receptor), LXR (liver-X receptor), PCSK9 (proprotein convertase substilitin/kexin type 9), RXR (retinoid X 
receptor) SCAP (SREBP-Cleavage-Activating protein), SREBP (sterol regulatory element-binding protein), Ub (ubiq-
uitin).     

   

1.2 Intracellular cholesterol trafficking  
 

Mapping of intracellular routes of cholesterol derived from LDL (LDL-cholesterol) after it leaves the 

LE/LYSs has been subject to discussion for several years, especially how it reaches the ER. Some suggest that 

cholesterol goes first to the plasma membrane before reaching the ER [52, 53], while others argue that a com-

plementary route exists in which cholesterol can reach the ER directly from LE/LYSs without interaction with 

the plasma membrane [54, 55].  

 
1.2.1 Cholesterol distribution   
 

The cholesterol content varies highly among cellular compartments, although the literature is not in 

complete agreement on the concentration estimations. Roughly; most of the cell’s cholesterol, around 60 %, is 

found in the plasma membrane, 20 % in the endocytic pathway including lysosomes, and the remaining is 

distributed in other subcellular membranes, such as the Golgi, ER and mitochondria [2, 10, 56-61].  
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Although most of the cellular cholesterol reside in the plasma membrane, it has been suggested that 

due to the way cholesterol interacts with other lipids in the membrane, the chemically active cholesterol pools 

in the ER and the plasma membrane, are more or less in equilibrium [8]. Moreover, Das et al. [62] found that 

the plasma membrane’s cholesterol content can be divided into three pools: an accessible pool, a pool seques-

tered by sphingomyelin, and an essential pool. The first pool can freely be accessed, under natural cholesterol 

loading conditions, by a mutated form of the bacterial toxin Perifringolysin O (PFO), which binds cholesterol 

without forming pores in the membrane as wild type PFO does. The second pool is only accessible to the 

mutated PFO after sphingolipids in the plasma membrane have been cleaved by sphingomyelinase. The third 

and essential pool, cannot be accessed by the mutated PFO, and cannot be extracted by other chemical agents 

without damaging the cell. The accessible pool was found to be connected with the cholesterol levels in the 

ER [62], underscoring the importance of the plasma membrane as a regulator in cholesterol homeostasis. With 

a similar approach, the cholesterol binding domain 4 of the toxin anthrolycin O (ALO-D4) was used to trap 

cholesterol in the plasma membrane. When cholesterol was trapped in the plasma membrane SREBP2 became 

upregulated, suggesting that the cholesterol transfer from the plasma membrane to the ER is essential for proper 

SREBP regulation [63]. Previous work done by Lange et al. supports these findings [57, 64].  

 
1.2.2 Sterol transfer and sensing at membrane contact sites  
 

It is not fully understood how cholesterol is transferred between the cellular organelles. Overall, cho-

lesterol can be dynamically transported between membranes through vesicular and non-vesicular pathways. 

The former involves the cholesterol being packed into the membrane of transport vesicles that are actively 

transported along the cytoskeleton. Non-vesicular trafficking relies on sterol transfer proteins that can shield 

cholesterol from the aqueous cytosolic environment by burying the cholesterol molecule into a hydrophobic 

pocket and shuttle it between membranes. Sterol transfer proteins are especially involved during sterol shut-

tling between membrane contact sites (MCSs) where membranes are tethered in close proximity, usually in 

the range of 10-80 nm, but never fully fuse [65, 66].    

 

The ER stays connected with multiple organelles through MCSs, including the plasma membrane, 

mitochondria, and LE/LYSs [67]. While the majority of cholesterol transfer from the LE/LYSs to the ER 

occurs through the plasma membrane, it is estimated that approximately 30 % of the LDL-cholesterol traffic 

directly from the LE/LYS to the ER. In further support of this, it has been estimated that 90 % of LE/LYSs 

form contact to the ER at any time [68, 69].  

 

The oxysterol-related protein1L (ORPL1) is recruited to LE/LYSs containing NPC1, where it binds to 

the Rab7 GTPase. Rather than an actual sterol transporter, ORPL1 is thought to act as a cholesterol sensor, 
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because the cholesterol levels in the LE/LYSs determine its binding to vesicle-associated membrane proteins 

(VAPs) on the ER [67, 70]. When cholesterol in LE/LYSs is abundant, the ORPL1 stays bound to the limiting  

membrane of LE/LYSs. Contrary, upon cholesterol depletion the 

ORPL1 change configuration, which allows it to interact with 

VAPs and form MCS between LE/LYSs and the ER. ORPL1 

senses the cholesterol levels on the cytosolic site of LE/LYSs 

and its interaction with VAPs influences the localization of 

LE/LYSs. During high cholesterol conditions, VAPs and 

ORPL1 do not interact, which prevent VAPs from inducing 

movement of LE/LYSs to the microtubule plus end, mediated by 

motor proteins, such as kinesins (Fig. 1.4). This is seen in NPC 

diseased cells where LE/LYSs tend to accumulate in the peri-

nuclear region [67, 71]. Interestingly to this end, a Rab7 guani-

dine exchange factor was recently found to control NPC1-de-

pendent cholesterol export from LE/LYSs, by activating Rab7 

[72]. Cholesterol transfer across MCSs was indicated by an in-

creased number of MCSs between LE/LYSs, and a reduced ac-

cumulation of unesterified cholesterol in NPC1-lacking cells 

that overexpressed a mutated ORPL1 capable of forming MCSs, 

but not transfer sterol [73]. Additionally, it has been suggested that the oxysterol-related protein ORP5 is in-

volved in NPC1-mediated LDL-cholesterol egress from LE/LYSs to the ER [74]. 

 

Another family of lipid binding protein are the ER-resident Aster proteins, which contain a steroido-

genic acute regulatory protein-related lipid transfer-like domain, named the ASTER domain, that can facilitate 

cholesterol transfer. The three Aster proteins function as sterol transferring proteins, transferring cholesterol 

from the plasma membrane to the ER. During low cholesterol conditions, the Aster proteins reside in the ER, 

but upon cholesterol loading, the GRAM domain of the proteins binds phophatidylserine in the plasma mem-

brane and mediates MCSs between the ER and the plasma membrane [75-78]. Non-vesicular cholesterol 

transport by these proteins was found to regulate the levels of accessible cholesterol in the plasma membrane 

and the SREBP2 response in a pathway downstream of NPC1 [77, 78]. Moreover, have Aster-B and NPC1 

been found to interact in a sterol-dependent manner that stabilizes the association between LE/LYSs and the 

ER. These MCSs appear to be involved in cholesterol transfer to the ER since lack of either protein led to 

reduced esterification of cholesterol [73].  

  

 
 
Figure 1.4 – Sketch of LE/LYSs-ER con-
tact mediated by ORPL1 and VAP. When 
cholesterol is abundant in the LE/LYSs, the 
ORPL1 stays bound to the limiting mem-
brane of LE/LYSs. Once cholesterol levels 
are low in LE/LYSs, ORPL1 can bind to 
VAPs on the ER membrane. The figure was 
created with Inkscape. 
ER (endoplasmic reticulum), ILV (intralu-
minal vesicle), ORPL1 (oxysterol-related 
protein1L), VAP (vesicle-associated mem-
brane protein).    
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1.2.3 The mitochondrial – LE/LYS connection   
 

Despite the low amounts of cholesterol in the mitochondria, this cholesterol pool is very important for 

membrane maintenance, steroidogenesis, bile acid, and oxysterol synthesis. To synthesize these products, cho-

lesterol must reach the inner mitochondrial membrane, which has an especially low content of cholesterol. 

This low cholesterol level enables the transfer of cholesterol to the inner mitochondrial membrane to regulate 

the steroid synthesis, but at the same time makes it very prone to even small changes in cholesterol concentra-

tion [79]. Abnormal mitochondrial cholesterol levels have been reported for several diseases including NPC 

disease and Alzheimer's [79, 80]. Cholesterol can reach the mitochondria from a variety of pathways and dif-

ferent sources including the plasma membrane [81], the ER [82], and LE/LYSs [83].     

         

The metastatic lymph node protein 64 (MLN64, also known as STARD3) is a key player in mediating 

cholesterol transfer from LE/LYSs to mitochondria. MLN64 function independently of NPC1, and in cells 

lacking functional NPC1, cholesterol build up in the outer mitochondrial membrane [84]. NPC1-deficient cells 

was found by Höglinger et al. [73] to have an increased number of MCSs between LE/LYSs and mitochondria. 

The number of such MCSs decreased drastically upon depletion of MLN64, suggesting that MLN64 serves as 

a tether between mitochondria and LE/LYSs [73]. Remarkably, MLN64 is not able to transfer cholesterol from 

LE/LYSs to mitochondria in the absence of NPC2 [83]. This supports the notion of NPC2 transferring sterol 

from ILVs to the limiting membrane of LE/LYSs, where other proteins, not just NPC1, can mediate the lyso-

somal egress (Fig. 1.5).  

 

 

Figure 1.5 – MLN64 and NPC2 
can mediate cholesterol transfer 
to mitochondria. Cartoon illus-
trating NPC1-independent choles-
terol transfer by NPC2 and 
MLN64 from LE/LYSs to mito-
chondria. The figure was created 
with Inkscape. 
ILV (intraluminal vesicle), 
MLN64 (metastatic lymph node 
protein 64).       

 

1.2.4 NPC proteins and cellular homeostasis  
 

The pathophysiology of NPC disease is very complex, and it is starting to become apparent that there 

is more to the aberrant cholesterol response than just hindered LE/LYS-ER cholesterol transfer. Reduced cho-

lesterol transfer to the ER would explain why NPC-deficient cells have increased LDL-receptor and cholesterol 
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synthesis activity, despite lysosomal cholesterol accumulation. However, this could also be attributed to the 

failure of producing oxysterols in the absence of the NPC proteins [85]. Moreover, the mechanistic target of 

rapamycin (mTORC1) also affects the activity of SREBP-2. Under nutrient-rich conditions, active mTORC1 

stimulates cell growth, inhibits autophagy, and maintains endosomal recycling to the plasma membrane. The 

latter two cause the cholesterol levels in the LE/LYSs to decline, thus less cholesterol can be transferred from 

the LE/LYSs to the ER, resulting in SREBP-2 activation [86]. During cholesterol depletion, NPC1 has been 

suggested to act as a negative regulator of mTORC1, by binding to the SLC3849 protein located in the limiting 

membrane of LE/LYSs that is required for cholesterol mediated recruitment and activation of mTORC1 [87]. 

Recent work found that NPC1-lacking cells have an increased number of MCSs between LE/LYSs and the 

ER, over which the oxysterol binding protein transfers cholesterol from the ER to the LE/LYSs. This caused 

a buildup of cholesterol in the outer LE/LYS membrane, that sustain mTORC1 active [88]. Although, it should 

be noticed that there is a disagreement on whether LE/LYSs in NPC1-depleted cells form more or fewer con-

tact sites to the ER [73, 88].   

 

A consequence of hyperactive mTORC1 is suppressed autophagy. Indeed, impaired autophagic flux 

has been reported for lysosomal storage disorders including NPC disease [88-90]. Upregulation of the tran-

scription factor EB (TFEB), that is a master regulator of the coordinated lysosomal and regulation (CLEAR) 

gene network, has been shown to rescue several mouse models with neurodegenerative disorders, including 

lysosomal storage disorders, Huntington’s, Parkinson’s and Alzheimer’s disease [91]. The CLEAR network 

covers genes involved in lysosomal biogenesis, autophagy, and exocytosis [92]. Under normal fed conditions, 

mTORC1 phosphorylates TFEB to which the 14-3-3 proteins bind to and retain TFEB inactive in the cytosol. 

Upon starvation and other catabolic conditions, lysosomal Ca2+ is released through the Mucolipin TRP channel 

1 (TRMPL1), which activate the phosphatase calcineurin. Active calcineurin promotes TFEB activation and 

translocation to the nucleus by dephosphorylation [91, 93].  NPC1-lacking cells have a reduced Ca2+ concen-

tration in the LE/LYSs [94, 95], or reduced Ca2+ TRPML1 mediated release [96], which could influence the 

regulation of TFEB. Recent work showed that by inhibiting the tyrosine kinase c-Abl, that works independent 

of the mTORC1 pathway, TFEB translocate to the nucleus in NPC1-deficient model systems and promotes 

cholesterol clearance [97].     

 

LE/LYSs serve as calcium storage, with a relatively high concentration of free lysosomal Ca2+ (~0.4-

0.6 mM), compared to the cytosolic Ca2+ concentration (~100 nM) [94, 98], in which the ER drives the lyso-

somal Ca2+ refilling [98]. The dynamic transfer of Ca2+ from LE/LYSs to mitochondria was recently found to 

take place over MCSs that is regulated by TRMPL1. Additionally, cells from mucolipidosis type IV patients, 

a disease caused by a loss-of-function mutation of TRMPL1, showed lower mitochondrial Ca2+ response and 
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altered MCSs dynamic between LE/LYSs and mitochondria compared to wild type cells. The diseased cells 

displayed more and prolonged LE/LYSs-mitochondria contact [99].         

 

To sum up, MCSs have revealed themself as key nodes for cellular homeostasis. The many proteins 

involved at such MCSs, for tethering, transfer of substances, and regulation are only starting to be elucidated. 

Future work will potentially lead to the discovery of more involved players as well as clarifying some of the 

contradictions that exist in the literature now that have been discussed above. In publication II, we present new 

tools for studying MCSs and their dynamic with conventional confocal microscopy, which will be discussed 

more in section 2.2.         

 

1.3 Cellular cholesterol efflux  
 
1.3.1 The ABCA1 mediated pathway  

 

The final step of cholesterol’s cellular journey is just as important for the cell as its synthesis and 

uptake. ABCA1 is a lipid transporter that can transfer phospholipids and unesterified cholesterol to apoA1 

[100], and constitutes one of the ways cholesterol can leave the cell. ABCA1 redistributes cholesterol to the 

surface of the plasma membrane where it becomes available for acceptors, such as apoA1 (Fig. 1.6). If the 

excess cholesterol is not removed from the plasma membrane it can reach the ER, and be esterified [101]. Two 

models have been suggested for how ABCA1 mediates cholesterol transfer to various extracellular acceptors. 

One suggests a direct interaction between ABCA1 and the acceptor, another propose an additional indirect 

contact, where the acceptors associate with the lipid phases near ABCA1 [102]. Lipidation of apoA1 that leads 

to the formation of HDL mainly takes place at the plasma membrane, despite a fraction of apoA1 being inter-

nalized into LE/LYSs. Only a small percentage of those apoA1 that are internalized become resecreted as 

intact apoA1, and therefore only contribute very little to the nascent HDL formation [103]. In addition to 

forming HDL, ABCA1 can mediate cholesterol efflux through the release of microparticles, which do not 

contain apoA1. The function of ABCA1 to mediate cholesterol efflux, both HDL-dependent and independent, 

is determined by the rigidity of the membrane [104]. Moreover, is ABCA1 dependent on NPC2 to transfer 

cholesterol to the limiting membrane of LE/LYSs but does not require NPC1 to liberate it from the LE/LYSs. 

Both NPC1- and NPC2-deficient cells have an impaired expression of ABCA1 upon LDL stimulation and 

reduced efflux of LDL-cholesterol to apoA1. This phenotype can be rescued by overexpressing ABCA in cells 

lacking NPC1, but not in cells deficient of NPC2 [105].    

  



Page 20 of 77 
 

1.3.2 Cholesterol efflux and extracellular vesicles  
 

Extracellular vesicles have started to be acknowledged as cholesterol efflux routes, and can roughly, 

based on their different origins, be divided into exosomes and microvesicles. Exosomes are defined as the 

release of ILVs from LE/LYSs upon fusion with the plasma membrane, whereas microvesicles are formed by 

shedding from the plasma membrane [106] (Fig. 1.6). Compared to exosomes that are 50-150 nm in size, 

microvesicles tend to be larger and more heterogeneous in their morphology, with sizes normally ranging from 

50-1000 nm, however microvesicles up to 8-10 µm have been reported [107, 108]. Recently, it was shown that 

the cholesterol clearance observed when treating NPC1-deficient cells with the LBPA precursor PG [34] oc-

curs at least to some extent, by an increased release of exosomes [109]. Similar to our findings of LE/LYSs 

distributing towards the cellular periphery upon treatment with NPC2 protein in NPC2-deficient fibroblasts 

[110], the PG treatment of NPC1-deficient cells also increased the number of LE/LYSs in proximity to the 

plasma membrane [109].  

 

Macrophages release cholesterol-rich particles derived from their plasma membrane independent of 

LXR, the presence of HDL, or cholesterol loading conditions. The content of accessible cholesterol, however, 

varies depending on the cholesterol loading conditions. By artificially activating the LXR/RXR complex with 

agonists and growing macrophages under normal fed conditions, in the presence of fetal bovine serum, the 

particles become enriched with cholesterol accessible to ALO-D4 [111]. Two likely explanations for this 

mechanism of particle release were suggested. In one it was speculated that the particles are generated by 

outpounching or ballooning of plasma membrane that is not firmly attached to the cytoskeleton, the other 

suggested that the particles were ‘left behind’ upon cell movement, as small segments of the plasma membrane. 

Although the two proposals are not mutually exclusive, the latter seemed especially likely since the particles 

were found in regions adjacent to the cells, mainly localizing to one or two sides of the cells [111]. By prote-

omics and advanced microscopy, including combined and correlative live cells imaging, scanning electron 

microscopy (SEM), and nanoscale secondary ion mass spectrometry, Hu et al. recently demonstrated that the 

particles were generated upon macrophage movement [112] (Fig. 1.6). With a similar approach, utilizing a 

combination of different super-resolution microscopy techniques, Jin et al. reported about macrophages shed-

ding microdomains enriched with cholesterol as well [113]. These might be the same types of particles as those 

Hu et al. have described, however, some diversity implies two distinct populations, including different mor-

phology of the released cholesterol particles/domains, and under which conditions they were released. Some 

of the diverse findings might also be explained by the different techniques used. Hu et al. used ALO-D4 as a 

marker of accessible cholesterol, while Jin et al. used an antibody named mAb 58B1 that specifically should 

bind to 10-20 cholesterol molecules arrays organized 2 dimensional, and not esterified cholesterol, LDL, nor 

cholesterol domains that have been exposed to cholesterol oxidase [112, 113]. Interestingly, filipin, that is 
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known to bind unesterified cholesterol [114], did not bind to the extracellular cholesterol microdomains iden-

tified by mAb B58 [113]. 

 

Where the release of cholesterol described above has mainly been investigated in macrophages, 

migrasomes, that is vesicles released upon cell migration, have been identified in others cell types, as a way to 

release content. A migrating cell leaves retraction fibers, on which a migrasome up to 3 µm grows on. Even-

tually, these vesicles will detach from the retraction fibers and be released (Fig. 1.6). Migrasomes can contain 

multiple smaller vesicles, and during their growth cytosolic content can translocate to them. Despite the smaller 

vesicles inside, the migrasomes are not believed to contain intact multi-vesicular bodies (or as they are also 

referred to in this thesis, LE/LYSs) [115]. Importantly, migrasomes are enriched with cholesterol, and choles-

terol was recently shown to be required, together with the protein Tetraspanin 4, for the formations of mir-

gasomes [116].      

 

 
Figure 1.6 – Summarizing overview of introduced cholesterol efflux mechanisms. The ABCA1 transporter 
that is transcriptionally regulated by the LXR, can efflux cholesterol, to which apoA1 can act as sterol acceptor. 
Cholesterol might also leave the cell by the release of exosomes, upon LE/LYSs fusing with the plasma membrane, 
or by shedding as microvesicles and/or as migrasomes during cell migration. The figure was created with Inkscape.  
ABAC1 (ATP-binding cassette A1), ApoA1 (apolipoprotein A1), ILV (intraluminal vesicle), LBPA (lysobisphos-
phatidic acid), LE/LYS (late endosome/lysosome), LXR (liver X-receptor). 
  
  

1.4 Imaging sterol transfer and membrane contact sites   
 
1.4.1 Fluorescent sterol analogues   
 

Microscopy provides a strong tool for the investigation of intracellular cholesterol trafficking. Several 

fluorescent probes have been developed with the purpose to reveal cholesterol behavior and transfer within the 

cell. Filipin is an intrinsically fluorescent polyene antibiotic, and perhaps one of the most used fluorescent 
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sterol probes. Because it binds to the free 3’-hydroxy group of sterols, it is often used to determine the total 

free cholesterol pool of fixated samples. However, filipin does not work well in living cells, hence other probes 

must be used for live cell imaging. For that purpose, extrinsic fluorescent sterol probes can be used. Such 

probes have a fluorophore molecule attached to either their steroid rings or in the case of a fluorescent sterol 

ester probe, to the fatty acyl chain [6]. BODIPY is a relatively non-polar fluorophore that can be tagged to 

cholesterol, which is commercially known as TopFluor-cholesterol 

(TF-chol) (Fig. 1.7). It has a low sensitivity towards its environment, a 

high quantum yield, and can be imaged with a conventional green filter 

cube or 488 laser line (λex=505 nm, λem=515 nm) that makes TF-chol 

easy to work with. One drawback of extrinsic fluorescent sterol ana-

logs, such as TF-chol, is that the fluorescent molecule attached to the 

sterol can interfere with cholesterol biophysical properties in mem-

branes [117, 118] and might also affect the binding to sterol binding 

proteins [4]. Intrinsic fluorescent sterol probes such as dehydroergos-

terol (DHE) and cholestatrienol (CTL) more or less overcome these 

challenges (Fig. 1.7). CTL and DHE have two additional double bonds 

in their steroid ring system, which make them fluorescent in the UV 

region of the electromagnetic spectrum (λex=320 nm, λem=370-400 nm) 

[118]. DHE naturally derive from ergosterol and resembles this sterol 

closer than cholesterol, whereas CTL is the closest fluorescent analog 

of cholesterol, and need to be chemical synthesized [6, 118]. Like TF-

chol, the environmental sensitivity of CTL and DHE is low, but unfor-

tunately, they can be challenging to image. The rapid bleaching of CTL 

and DHE, their UV spectral maxima, and their low fluorescent bright-

ness require special imaging equipment [118]. Increasing the number 

of double bonds in the steroid ring system would reduce some of these 

challenges by shifting the spectra of such intrinsic sterol fluorophores 

towards longer wavelengths [119].  

 
1.4.2 An even closer look  
 

 Spatially resolving the short distances between organelles, as seen at MCSs, and the complex 

interior of for example extracellular vesicles and LE/LYSs, set up special demands for microscopy. Often 

MCSs are imaged and quantified from transmission electron microscopy, where organelles of interest can be 

labeled with for example gold particles or diaminobenzidine (DAB) photooxidation. Photooxidation of 

 
 
Figure 1.7 – Chemical structures of 
relevant molecules. The structures 
were drawn in ChemDraw.   



Page 23 of 77 
 

fluorophores into electron-dense labeling is a well-established technique, used to correlate observation from 

the light microscope with the ultrastructural information obtained from electron microscopy [120]. Most fluor-

ophores will generate single oxygen species upon illumination, which besides bleaching the fluorophore, also 

leads to oxidation and precipitation of DAB which can be visualized by electron microscopy [121]. Concerning 

the study of cellular cholesterol, is it noteworthy that TF-chol has been shown as a suitable probe for DAB 

photooxidation reaction [117]. Directly correlating fluorescent light images with electron microscopy (CLEM) 

has in the recent years greatly improved and become a more widespread tool. As an example, the laboratory 

of Judith Klumperman recently showed how to perform 3D CLEM of living cells. By first acquiring fluores-

cent data of living cells, and fixing the cells under the light microscope, before preparing them for focused ion 

beam SEM (FIB-SEM), they could correlate the organelles movements with their ultrastructure [122]. FIB-

SEM is a 3D electron microscopy technique, where a highly focused gallium ion beam moves away a single 

layer one at a time, exposing a new surface to SEM. The Z-resolution is down to an impressive 4 nm, however, 

the technique is time consuming, with an average acquisition time of 2-5 days per cell [122].  

 

Cryo-soft X-ray tomography (cryo-SXT) is another 3D ultrastructural imaging technique, that allows 

3D imaging of cryo-fixed cells in less than an hour. It relies on the energy range known as the water window, 

which is defined as the X-ray absorption of the K edges of oxygen (543 eV, 2.28 nm) and carbon (284 eV, 

4.37 nm) [123]. By working within this energy window there is no need for additionally staining of biological 

samples, hence a natural absorption contrast will emerge from the biological carbon-rich structures. The reso-

lution of cryo-SXT is down to a few tens of nanometers and the penetration depth of the soft X-rays are several 

microns, thus there is no need for sectioning of cells in monolayers. To acquire the 3D tomograms, the sample 

is placed on a special holder that is tilted around a rotation axis. The raw tilt series can subsequently be aligned 

from fiducial markers and reconstructed [124, 125].  

 

Usually, synchrotron radiation is used as the energy source for soft X-ray microscopes. Synchrotron 

radiation is emitted light with special characteristics. Briefly, it is produced in a synchrotron facility, by elec-

trons that travel at a speed close to the speed of light and which are forced to change directions of their motion 

by the effect of magnetic fields. First, the electrons are accelerated by a linear accelerator, also known as linac, 

to an energy of several millions eV. Then they enter a booster ring that boosts them with even more energy, 

up to Giga eV. From the booster ring the electrons reach the storage ring, that is the final circular accelerator. 

The storage ring consists of an array of magnets, which focus and bend the electron beam. During each turn in 

the storage ring, the electrons lose a part of their energy, which is emitted as synchrotron radiation. The lost 

energy is, however, fully regained again by radio frequency electric fields, located in the storage ring. Insertion 

devices, such as undulators (Fig. 1.8B), that by magnetic fields can alter the bending radius of the beam, and  
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thus its energy, are placed in straight line sections of the storage ring [126]. The storage ring has many ports, 

that each feed a beamline with synchrotron radiation, in which various optical devices for different types of 

experiments can be implemented. Finally, the synchrotron radiation reaches the sample at the experimental 

station [127] (Fig. 1.8A). Due to the physical characteristics of X-ray, the beam cannot be condensed and 

collected by conventional glass lenses. Instead, it relies on capillary condensers and/or zone plates, that are 

plates consisting of concentric rings, in a material that can condense and collect the beam [123, 125].  

 

To protect the sample from radiation damage, it must be imaged under cryo-condition. Since the tran-

sition from wet phase to cryo-temperature, can cause shape alterations and/or change the position of cells, any 

correlative fluorescent light images should 

be acquired under cryo-conditions as well 

[123]. Unfortunately, the low temperatures 

exclude the use of immersion oil, hence 

cryo-fluorescence imaging is mostly done 

using air objectives with a numerical aper-

ture of around 0.9, which naturally limits 

the resolution. However, the Diamond 

Light source in UK recently manage to 

overcome some of these limitations, when 

they performed correlated 3D cryo-struc-

tured illumination fluorescent microscopy 

(SIM) and cryo-SXT [128].  

 

Correlative fluorescent light and 

ultrastructural microscopy are continually 

improving and are in rapid development. 

Both cryo-SXT and electron microscopy 

are powerful tools for examining the cellu-

lar ultrastructure, with each their pros and 

cons. Generally speaking, the sample prep-

aration for cryo-SXT might be easier and 

faster, than for 3D electron microscopy. 

Electron microscopy can, on the other 

hand, offer a slightly better resolution, and 

might be more accessible for many 

 
Figure 1.8 – Synchrotron radiation. (A) Electrons are released 
from the electron gun into the linear accelerator (linac), that feeds the 
electrons into the booster ring, before they reach the storage ring. In 
the storage ring, undulators (B) that regulates the energy of the elec-
tron beam can be placed. The beam leaves the storage ring into the 
beamlines, and finally hit the sample in the experimental stations (A). 
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laboratories, compared to cryo-SXT that in most cases requires a synchrotron. In the discussion of publication 

I below, the workflow for performing and analyzing cryo-SXT will be described. Furthermore, fluorescent 

super-resolution and conventional confocal microscopy are valuable tools to study MCSs and will be discussed 

more in section 2.2 below. Lastly, other ‘tricks’ can be used to study interactions below the resolution limit of 

light microscopy, such as Förster resonance energy transfer (FRET) which will be elaborated more in chapter 

3.  
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Chapter 2 – Discussion of published work  
 

The examination of how NPC2 is involved in intracellular cholesterol transfer together with develop-

ing new methods to study this with microscopy have been two central points of the PhD project presented here. 

In this chapter, some of the highlights from two of the resulting papers will be described and discussed. A part 

of the published data was already presented in the status report, including some of the tomograms and time-

lapse sequenceces of mitochondria and NPC2 but was back then not published. Like chapter 1, none of the 

written sections below are directly reused or copied from the status report or the publications, although simi-

larities in the language can occur. Lastly, to keep the record straight, it should be mentioned that figure 2.2 is 

a modified and updated version of figure 6.6 from the status report.                 

 
2.1 Publication I: Niemann Pick C2 protein enables cholesterol transfer from 
endo-lysosomes to the plasma membrane for efflux by shedding of extracellular 
vesicles 
 

The results presented in publication I are a culmniation of many years of work, exploring the role of 

NPC2 in mediating intracellular cholesterol transfer and efflux. We showed that NPC2 acts from the inside of 

LE/LYSs and accelerates cholesterol efflux in NPC2-deficient fibroblasts. DHE that was loaded to the plasma 

membrane from a bovine serum albumin complex, accumulated over time in the LE/LYSs of fibroblasts lack-

ing functional NPC2. Both NPC2-treated and untreated NPC2-deficient cells could efflux DHE over time, 

however, the retention time was considerably reduced upon treatment. NPC2 treatment also led to reallocation 

of LE/LYSs containing DHE towards the cell periphery. As discussed above in section 1.2.2, the cholesterol 

content in LE/LYSs affects their localization [67, 71]. To gain more information about what this distribution 

of vesicles means for NPC2-mediated cholesterol efflux, we wanted to also examine the reallocation in 3D. 

DHE is not suitable for confocal microscopy, as it is excited in the UV spectrum, has a low quantum yield, 

and bleaches rapidly (see also section 1.4.1), hence we chose to use TF-chol [117, 118]. Cells treated with 

NPC2 labeled with an Alexa546 fluorophore (NPC2-A546) were pulse-labeled with TF-chol from a methyl-

β-cyclodextrin complex (TF-chol/MCD). This complex loads TF-chol to the plasma membrane [118, 129], 

and was found to co-localize with LE/LYSs containing NPC2-A546 after one hour chase. With 3D spinning 

disk confocal microscopy such vesicles were found to localize just beneath the plasma membrane (Fig. 2.1). 

The laboratory of Judith Storch recently found a similar reallocation of LE/LYSs to the plasma membrane 

upon LBPA treatment in NPC1-deficient cells [109]. By tracking the mobility of these double-labeled 

LE/LYSs in the cell periphery, we found two populations; one that moved with free diffusion and another 

larger vesicle population with confined movement. We wondered if the latter population could be vesicles 

confined through MCSs to the plasma membrane, over which sterol transfer could occur. To investigate this, 
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we performed fluorescence loss in photobleaching (FLIP) experiments of cells treated with NPC2-A546 and 

pulse-labeled with TF-chol/MCD (Fig. 2.1). By repeatedly bleaching TF-chol in the plasma membrane, in an 

area without TF-chol-enriched vesicles, the TF-chol intensity decreased in NPC2-A546-containing vesicles 

localized in the cellular periphery. This must mean that TF-chol is transferred from the NPC2-containing ves-

icles to the plasma membrane, where it became bleached. Considering the plasma membrane as one compart-

ment and the LE/LYSs as another, we could with a mathematical model [130] determine that approximately 

25 % of TF-chol from the NPC2-A546-containing vesicles could be transferred to the plasma membrane.  

  

These findings led to the next question; by what mechanism(s) does the cholesterol then leave the cell? 

Based on our repeated observations of extracellular vesicles adjacent to the cell periphery, stained with various 

fluorescent sterol and lysosomal markers, including NPC2-A546 and lysotracker, we suspected that shedding 

or release of vesicles could be one mechanism responsible for this. Since the extracellular vesicles appeared 

quite heterogeneous, in both size, sterol-marker intensity, and contents, we wanted to examine their ultrastruc-

ture. Cryo-SXT was our technique of choice since it provides 3D information of the delicate cellular mem-

branes without any additionally staining or sectioning [124, 125] (described in section 1.4.2). NPC2-A546 and 

TF-chol were identified in some of the extracellular vesicles, from correlative fluorescence images, confirming 

that these were the same vesicles as the once observed with fluorescence microscopy. Moreover, cryo-SXT 

also revealed a heterogenous ultrastructure of the extracellular vesicles, thus, supporting the notion from fluo-

rescence microscopy. Some were small, in the size range of 50-200 nm, and some larger between 0.5-1.2 µm. 

The different sizes point towards a mixture of exosomes and microvesicles [131]. Additionally, immunostain-

ing confirmed the presence of the two exosomes/ILV markers LBPA and CD63 [34, 132]. This heterogenous 

morphology of extracellular vesicles indicates multiple mechanisms of release. In support of exosomes as one 

of these populations, LBPA treatment of cells lacking functional NPC1 has been found to stimulate cholesterol 

release via exosomes [109]. As expected, another of these mechanisms involved the ABC transporters and 

apoA1. From experiments stimulating the LXR pathway in NPC2-deficient cells, treated or not with NPC2, 

and with or without apoA1, it became clear that NPC2 plays an important role in getting cholesterol from the 

LE/LYSs to the plasma membrane. LXR-controlled transporter and apoA1 are mainly involved in the subse-

quent release of cholesterol from the plasma membrane. Moreover, as sterol-rich extracellular vesicles also 

were found from diseased cells not treated with NPC2, pathways for cholesterol efflux independent of NPC2 

must also take place. Recently, a member of the scavenger receptor superfamily, LIMP-2, was shown to me-

diate cholesterol efflux from LE/LYSs independent of the NPC proteins, although at a slower pace [133]. 

Cholesterol shedding during cellular movement [112, 116] is likely to serve as an additional mechanism for 

plasma membrane derived cholesterol release. The occasional observations of larger extracellular vesicles con-

taining small ILVs, lysotracker, or NPC2-A456, led us to suggest a new mechanism for cellular cholesterol 

release; by the release of entire LE/LYSs (Fig. 2.1).     
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Figure 2.1 – Publication I: experiments, results, and speculations. Approximately half of the sterol-enriched vesi-
cles co-localize with NPC2-A546 and distribute towards the cell periphery, upon treatment with NPC2-A546 in NPC2-
deficient cells. Some of these were confined underneath the plasma membrane and were with FLIP shown to transfer 
sterol (TF-chol) to the plasma membrane, from where apoA1 can act as sterol acceptor. Heterogenous extracellular 
vesicles were found in proximity to the plasma membrane, examined by both cryo-SXT and fluorescence microscopy. 
Such extracellular vesicles originate from several release mechanisms, including the shedding of microvesicles, exo-
some release, and shedding of LE/LYSs. See the text for further details. The figure was created with Inkscape.  
ABAC1 (ATP-binding cassette A1), ApoA1 (apolipoprotein A1), FLIP; fluorescence loss in photobleaching, ILV (in-
traluminal vesicle), LBPA (lysobisphosphatidic acid), LE/LYS (late endosome/lysosome), NPC2-A546 (NPC2 labeled 
with Alexa546).   

       

As this was our first time performing cryo-SXT, we had to set up a protocol for our cell system. To 

make sure that the cells grew on the right side of the grids, we attached the grids to the bottom of multiwell 

dishes. Moreover, we tested different coatings of the grids and concluded that poly-D-lysine coating enhanced 

the attachment of both healthy and NPC2-deficient fibroblasts. Before fixing the cells with paraformaldehyde, 

some diseased cells were treated with NPC2-A546 and/or pulse-labeled with TF-chol/MCD and chased for 

different times. At the Bessy II facility in Berlin, we added gold shell beads to the samples, to serve as fiducial 

markers for the alignment of the raw tilt series. To get the right thickness of the ice layer, after the plunge 

freezing, we had to optimize the blotting procedure a few times. When the ice was too thick, the soft X-rays 

could not penetrate the ice, and when it was too thin, the cells got damaged before the entire tilt series was 

acquired. With this in place, we were ready to also acquire fluorescent images, with the incorporated fluores-

cent light microscope, before the tomograms of the same regions were captured. Next, to obtain readable 

tomograms, we had to align and reconstruct the raw tilt series. With great help from Sergey Kapishnikov, we 
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managed to implement a workflow for this in our laboratory. From the gold beads, the images were aligned 

with the freely available software B-soft [134], which also allowed us to remove any bad single images. The 

aligned images were then 3D reconstructed by a weighted back projection algorithm in Tomo3D [135], and if 

needed segmented with SuRVos [136]. Based on the TF-chol signal in the plasma membrane, we could man-

ually correlate the fluorescence images with the sum projections of the tomograms from characteristic features, 

such as membrane protrusions, curvature, and the nucleus. This was performed with the ImageJ plugin TomoJ 

(Fig. 2.2)[137]. Whether DAB photooxidation of for example TF-chol can be detected in cryo-SXT remains 

to be examined.  

 

 

Figure 2.2 – Workflow 
for cryo-SXT. Grids were 
attached to the bottom of 
multiwell plates and coated 
with poly-D-lysine before 
cells were grown on them. 
Before fixating, some cells 
were treated with NPC2-
A546 and labeled with TF-
chol. Before blotting and 
plunge freezing of the 
grids, gold beads were 
added to serve as fiducial 
markers. The grid was 
placed in a special holder 
and kept under cryo-condi-
tions during acquisitions of 
first fluorescence light im-
ages followed by SXT. 
Based on the gold beads, 
the raw tilt series were 
aligned with B-soft and 
subsequently 3D recon-
structed with Tomo3D. 
TomoJ was used to align 
the tomograms with the flu-
orescence images, and 
SuRVoS was used for seg-
mentation. The figure is 
modified from the status re-
port and created with 
Inkscape and paint 3D. See 
the text for more details.  
Cryo-SXT (cryo-soft X-ray 
tomography).         

 

Based on the results obtained in publication I, we suggest that NPC2-mediated cholesterol remobili-

zation out of the LE/LYSs to other organelles would promote LE/LYSs movement to the cell periphery, in-

volving other molecular partners, for example, ORPL1 [67, 71] (described in section 1.2.2). From here, excess 

cholesterol could leave the cell by several pathways including the release of cholesterol- (and LBPA)-enriched 
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exosomes and shedding of intact LE/LYSs which can contain ILVs. Moreover, NPC2-containing LE/LYSs 

likely become tethered to the plasma membrane, from where cholesterol can transfer over MCSs to the plasma 

membrane. LXR mediated pathways likely contribute greatly to the efflux, but in parallel, the above-mentioned 

pathways and a natural loss of cholesterol during movement might contribute to the efflux. Dependent on the 

cell’s cholesterol status, the cholesterol content of the plasma membrane, and hence the amount ‘left behind’ 

in microvesicles, would vary (Fig. 2.1).    

 

2.2 Publication II: Quantitative imaging of membrane contact sites for sterol 
transfer between endo‑lysosomes and mitochondria in living cells 
 

In publication II we have investigated MCSs between NPC2-containing LE/LYSs and mitochondria. 

We found that NPC2 was required to visualize the fluorescent sterol analog CTL in mitochondria. This sup-

ports the finding by Kennedy et al. [83], who found that NPC2 works independently of NPC1, in bringing 

cholesterol from LE/LYSs to mitochondria. Contrary, CTL was observed in mitochondria of NPC1-deficient 

fibroblasts, supporting the reported increased cholesterol content in mitochondria in NPC1-lacking cells. This 

increased mitochondrial cholesterol level can impair energy metabolism in several ways, including defective 

ATP transport across the mitochondrial membranes, increased production of lactate, decreased mitochondrial 

respiration, and increased oxidative stress [138]. In the absence of functional NPC1, MLN64 has been found 

to mediate more MCSs between LE/LYSs and mitochondria [73]. Since NPC2 and MLN64 work together in 

transferring cholesterol from LE/LYSs to mitochondria, in a route that bypasses NPC1 [83], it can be specu-

lated that this route might assist as an ‘escape’ route for accumulated cholesterol to the mitochondria in NPC1-

deficient cells.   

 

Although mitochondria of NPC2-deficient cells did not show any CTL signal, they were still fre-

quently found to enwrap CTL-enriched vesicles. We used cryo-SXT to examine such potential MCSs, which 

revealed mitochondria being in close contact with endosome-like organelles. Moreover, it showed no differ-

ence in the mitochondrial ultrastructure between NPC2-treated and not treated NPC2-deficient fibroblasts. 

Besides ultrastructural imaging techniques, fluorescent microscopy can be used to examine mitochondrial 

structure as well. Interestingly, several conventional mitochondria dyes have been found suitable for stochastic 

optical reconstruction microscopy, which have revealed thin tubular intermediates between mitochondria be-

fore fission and after fusion [139]. Depending on the cellular state, the morphology of mitochondria changes, 

for example, for mitophagy (the selective degradation of mitochondria) to occur, the mitochondria must first 

be fragmented, whereas mitochondria elongate in response to macroautophagy [140]. It appears as this elon-

gation ‘saves’ the mitochondria from being degraded by autophagosomes and the elongated mitochondrial 
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membrane can maintain the ATP levels during autophagic conditions, such as starvation [140, 141]. From 

visual inspection of our fluorescent widefield images of mitochondria stained with MitoTracker, mitochondria 

of NPC2-deficient cells appear more elongated compared to healthy and NPC1-deficient fibroblasts, which 

could indicate the described stress conditions. To analyze this, we used the ImageJ plugin MiNA that segments 

and categorizes mitochondria into networks and branches, which allow a quantitative assessment of the mor-

phology [142]. Although, this quantification confirmed longer and more extended branching in NPC2-deficient 

cells, treatment with NPC2 did not reverse this phenotype. 

 

In contrast to correlating SXT and fluorescent microscopy of the plasma membrane and extracellular 

regions, as discussed in publication I above, the resolution of the implemented light microscope did not allow 

us to identify the type of vesicles forming contact with mitochondria in the complex cell interior. This has, 

however, been done successfully in other cryo-SXT facilities, with correlative cryogenic spinning disk [143] 

and SIM microscopy [128]. Hence, we used an alternative approach to study the interaction between NPC2-

containing LE/LYSs and mitochondria. From spinning disk confocal images extensive clusters of NPC2-A546 

were found around mitochondria labeled with MitoTracker green. To quantitatively analyze the spatial rela-

tionship between the two organelles, we developed an analysis pipeline that starts with the segmentation, bi-

narization, and skeletonization of mitochondria, which are set to a value of zero. On this, an Euclidian distance 

transform (EDT) was applied, which measures the distance for each pixel in the binary image to the nearest 

black pixel (with a value of zero). By tracking the positions of NPC2-A546 in the corresponding images, and 

mapping this onto the EDT map of mitochondria, the distance between labeled LE/LYSs and mitochondria 

was determined. By fitting the distances to a Gaussian mixture model, we found three clusters of labeled 

LE/LYSs. Based on the radius of LE/LYSs, estimated from a 2D Gaussian fit, and their distance to the nearest 

mitochondria, the data implied that at least one of the populations interacted with mitochondria. The second 

population likely contained a mixture of LE/LYSs that interacted with mitochondria and others that did not, 

while the third population was so far from the mitochondria, that interaction was not likely. This sums up to 

two subpopulations of NPC2-containing LE/LYS, one that interacts with mitochondria and one that does not. 

To test if this was the case, we simulated such scenarios. First, we simulated one population of vesicles that 

interacted with mitochondria, however, this resulted in a cluster of all vesicles around mitochondria that ex-

ceeded the clustering observed in the experimental data. By including an additional population that more 

weakly interacted with mitochondria, and an interaction term to the nucleus for both populations, we could 

resemble the experimental data very closely. This simulation confirmed the experimental findings of two sub-

populations of NPC2-containing LE/LYSs, of which one strongly interacted with mitochondria (Fig. 2.3).  
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Figure 2.3 – Quantification of distances between LE/LYSs and mitochondria in 2D. Simplified illustration of the 
workflow to quantify the distances between LE/LYS and mitochondria. The EDT (B) was calculated from the skele-
tonized version of MitoTracker (A). On top of the calculated EDT was the positions of the corresponding NPC2-A546-
containing LE/LYSs mapped (B), and the distances between mitochondria and labeled LE/LYSs were determined. By 
fitting the distances to a Gaussian mixture model, three clusters of LE/LYSs were identified (C). The interactions 
between mitochondria and LE/LYSs were confirmed by simulations (D). The figure was combined in Inkscape, with 
figures from publication II. EDT (Euclidian distance transform), LE/LYS (late endosome/lysosome).       
 

One drawback of examining organelles’ interactions in 2D is that it cannot distinguish between inter-

actions, and organelles locating above or below each other, as for this 3D information is required. Therefore, 

we acquired Z-stacks of NPC2-deficient fibroblasts treated with NPC2-A546 and co-labeled with MitoTracker. 

Like the 2D image analysis, the mitochondrial volume was segmented and binarized on which an EDT was 

applied. However, this EDT differed slightly from the one used in 2D, as it now had to consider the asymmetric 

voxel size. To track the positions of NPC2-A546-labeled LE/LYSs in 3D we used a 3D segmentation plugin 

for ImageJ, to ensure that each LE/LYSs only got counted once throughout the Z-stack. From this segmenta-

tion, both the surface pixels of labeled LE/LYSs and their centroid positions are segmented. The latter is de-

termined based on the mean radius to the surface of the organelle when treating it as a sphere and is therefore 

not accounting for the potential heterogeneous morphology of LE/LYSs (Fig. 2.4). Both parameters can be 

used to study the organelles’ interactions, and by applying both methods on the same cell we confirmed that 

they give similar results. From mapping the centroid positions of NPC2-A546 labeled LE/LYSs onto the 3D 

EDT mitochondrial map, we found that at least 30 % of such LE/LYSs are within a close enough distance to 

form MCSs with mitochondria in primary fibroblasts. Moreover, from the surface-based analysis, we found 

that neither NPC2 nor NPC1 are required for forming MCSs between mitochondria and rhodamine-dextran 

(rh-dex) labeled LE/LYSs.  

 

Figure 2.4 - Quantification of distances between 
LE/LYSs and mitochondria in 3D. The method for de-
termining distances between LE/LYSs and mitochondria 
in 3D was based on the same principle as for 2D. Two 
approaches were used to determine the distance between 
the LE/LYSs and mitochondria; one centroid and one sur-
face-based (further elaborated in the text). The figure was 
created and combined in Inkscape. LE/LYS (late endo-
some/lysosome.     
 
 

An alternative and complementary method to examining the organelles’ contact sites is by analyzing 

their dynamics. For instance, it has been shown that the velocity of endosomes containing transferrin decreases 
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upon interacting with mitochondria [144]. To study the dynamics of LE/LYSs and mitochondria interactions, 

we acquired time-lapse sequences of NPC2-deficient cells treated with NPC2-A546 and co-labeled with Mi-

toTracker. In the subsequent image analysis, the MCSs between LE/LYSs and mitochondria were identified 

and segmented from overlapping pixels in the two channels and combined into a new time-lapse stack. By 

applying a 2D Gaussian fitting routine on the NPC2-A546-containing LE/LYSs at each time point, and over-

laying their positions onto a sum projection of the time-lapse acquired of the mitochondria, we found that most 

MCSs cover a small area of less than 0.1 µm2. To gain more information about the movement, we analyzed 

the trajectories of the MCSs with a duration of at least 10 seconds within a cell (Fig. 2.5). From this analysis, 

the longer-lasting interaction areas were found to undergo slow subdiffusion, which is commonly found in 

living cells, among other things, because of molecular crowding [145]. However, in this case, it could also be 

due to tethering of LE/LYSs to mitochondria, which might allow some confined viscoelastic movement. From 

all the trajectories, 20-25 % NPC2-A546-containing LE/LYSs were found to form contact with mitochondria.       

    

 

Figure 2.5 – Analysis of 
MCSs’ dynamic. Sketch illus-
trating the workflow for ana-
lyzing MCSs from time-lapse 
sequences. Organelles’ inter-
actions were identified and 
segmented as the pixel overlap 
between the two channels. The 
positions of segmented MCSs 
over time were localized with a 
2D Gaussian fitting routine and 
projected as a position map. 
This map was laid on top of a 
sum projection of the time-
lapse sequence of mitochon-
dria. The movement of seg-
mented MCSs was also ana-
lyzed by tracking their trajecto-
ries. See the text for more de-
tails. The figure was created 
with Inkscape. MCSs (mem-
brane contact sites). 

 

Based on our experiments and comprehensive analysis we suggest that CTL traffics from the plasma 

membrane to NPC2-containing LE/LYSs and from there to mitochondria. In support of this, we have shown 

in another study that NPC2 is required for the cycling of sterols between the plasma membrane and LE/LYSs 

[146]. NPC2 likely transports sterols from ILVs to the perimeter of LE/LYSs from where MLN64 could me-

diate the final transfer to mitochondria. The longer-lasting LE/LYSs-mitochondria MCSs, with slow subdiffu-

sion, could pave the way for sterol transfer to the mitochondria. In publication I, we showed that NPC2 is 

involved in sterol transfer to the plasma membrane [110], which in close communication with the ER regulates 
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cholesterol homeostasis [63]. Because mitochondria receive cholesterol from several organelles, including the 

ER and plasma membrane [61, 79], NPC2 might also play an indirect role in mitochondrial cholesterol import. 

Cholesterol transfer to the outer mitochondrial membrane from other subcellular membranes, could occur by 

either cytosolic carrier protein or across MCSs [61, 147] (Fig. 2.6).  

 

Recently, SIM was used to investigate the behavior of lysosomes and mitochondria. In this study, an 

M-value was defined as a quantitative measure of the interaction between the two organelles. The M-value was 

based on the full-width at half-maximum overlap between the fluorescent signal from labeled mitochondria 

and lysosomes and was reported to distinguish between mitophagy and LE/LYSs-mitochondria interactions 

[148]. Contrary to such an approach, our method relies on object segmentation, distance transform, and statis-

tics. Since it can be employed on images acquired with confocal microscopy, which most research groups have 

access to, our analysis toolbox has a broad usability potential.  

 

 

Figure 2.6 – Summary of 
NPC2’s potential roles in 
mitochondrial cholesterol 
import. Cholesterol can 
reach mitochondria from 
several organelles, includ-
ing the ER, plasma mem-
brane, and LE/LYSs. 
MLN64 and NPC2 likely 
work together in transport-
ing cholesterol from 
LE/LYSs to mitochondria. 
Since NPC2 are important 
for multiple routes of sterol 
transportation, it might indi-
rectly affect other mito-
chondrial import routes.  
See the text for further de-
tails. The figure was created 
with Inkscape. 
ER (endoplasmic reticu-
lum), ILV (intraluminal 
vesicle), LE/LYS (late en-
dosome/lysosome), MLN64 
(metastatic lymph node pro-
tein 64). 
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Chapter 3 – Unpublished results 
 

In the two publications discussed above, we have followed the trafficking of free fluorescent sterols. 

Although such tools provide valuable insights into cellular cholesterol trafficking, they do have some limita-

tions. Despite careful administration of free sterol to the cells, to not exceed the natural cholesterol range in 

the plasma membrane, the cell cannot regulate such sterol uptake, contrary to its regulation of receptor-medi-

ated LDL uptake. Below, we present a new tool to overcome this limitation, namely, fluorescent sterol incor-

porated in LDL, so that the ‘natural’ cholesterol uptake and regulation can be examined.  

The reconstitution of LDL 

with fluorescent sterols is based on the 

method well described by Monty 

Krieger. In this procedure, LDL is first 

lyophilized in the presence of starch, 

which should stabilize and prevent the 

LDL from aggregating. The lyophi-

lization seems to be necessary for the 

highly non-polar solvent to gain ac-

cess to, and extract the core of, LDL. 

After the extraction, the compound to 

be incorporated into LDL can be 

added in an apolar solvent. Subse-

quently, the solvent must be evapo-

rated under inert gas, while the com-

pound will concentrate in the core. Fi-

nally, the reconstituted LDL is solubil-

ized and released from the starch in an 

aqueous buffer [149] (Fig. 3.1).  

 

The devolvement of such a tool has been on its way throughout most of my PhD project, and a little 

unexpectedly, it was during the quiet times of corona lockdown that the last pieces of the puzzle fell into place. 

Unfortunately, since this was towards the end of the project, a few important experiments are missing, before 

it is ready to be submitted for publication. Instead, it is here written as a work report, in which the results 

obtained so far, as well as future and ongoing experiments, are presented and discussed.  

 
Figure 3.1 – Reconstitution of LDL. Sketch illustrating the reconstitu-
tion procedure described by Krieger [149]. A fluorescence ester is here 
used to illustrate the compound to be incorporated into LDL. The figure 
was created with Inkscape.        
LDL (low-density lipoprotein). 
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Microscopic examination of intracellular 
LDL-derived cholesterol routes 

 

Work report, June 2021 
 

Abstract 
 

Mammalian cells can acquire cholesterol from the blood circulation in the form of LDL. LDL particles 

are taken up by receptor-mediated endocytosis and will eventually end up in the LE/LYSs where they will 

become degraded. The cholesterol liberated from LDL can then be transferred out of the LE/LYSs by the work 

of the two lysosomal proteins NPC1 and NPC2. Despite many years of investigation, it is still not completely 

agreed upon where the unesterified (free) cholesterol is transferred to when it is extracted from the LE/LYSs. 

 

Here we have reconstituted LDL with the fluorescent cholesterol analog, cholestatrienol oleate (CTL 

oleate), to study the intracellular trafficking of LDL-cholesterol. From quantitative analysis, we found that the 

fluorescent intensity of LDL reconstituted with CTL oleate (LDL-CTL) increased over time in the LE/LYSs, 

where it had a halftime of 4.7 hours. Already after 1-hour LDL-CTL incubation, a low signal of LDL-CTL in 

the ER was observed. To image when and where the sterol and ester become hydrolyzed we placed a [1,3]di-

oxolo[4,5-f][1,3]benzodixole (DBD) fluorophore on the fatty acid on a CTL ester (CTL-DBD) and incorpo-

rated this in LDL. When the CTL-DBD is intact, the CTL can transfer energy to the DBD. Thus, we have 

developed a new tool that with Förster resonance energy transfer has the potential to explore the final steps of 

LDL-cholesterol intracellular journey.   

 

 

 

 

 

 

 

Aberrations: ApoB-100; apolipoprotein B 100, chol-DBD; cholesteryl ester bearing a DBD dye on the fatty acid, conA; 
concanamycin A, CTL; cholestatrienol, CTL-DBD; CTL linked with an ester bond to a fatty acid tagged with the organic 
fluorophore DBD, CTL oleate; cholestatrienol oleate, DBD: [1,3]dioxolo[4,5-f][1,3]benzodixole, ER; endoplasmic retic-
ulum, FRET; Förster resonance energy transfer, LDL; low-density lipoproteins, LDL-chol-DBD; LDL reconstituted with 
chol-DBD, LDL-cholesterol; LDL-derived cholesterol, LDL-CTL; LDL reconstituted with CTL oleate, LDL-CTL-DBD; 
LDL reconstituted with CTL-DBD, LE/LYSs; late endosomes/lysosomes, LPDS; lipoprotein deprived serum, NPC; Nie-
mann Pick type C, NPC1; Niemann Pick type C1 protein, NPC2; Niemann Pick type C2 protein, rh-dex; rhodamine-
dextran, ROI; region of interest; TLC; thin layer chromatography, RMSE; root mean square error. 
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3.1 Introduction 
 

Cholesterol is an important molecule for the biophysical properties of mammalian cell membranes. It 

regulates membranes’ barrier function, fluidity, and participates in membrane trafficking and transmembrane 

signaling processes [150]. Cells can synthesize cholesterol or take it up from the circulation primarily in form 

of LDLs [150]. LDL consists of a core of cholesteryl esters and triglycerides that are surrounded by a mono-

layer of phospholipids and a single copy of apoB-100 [14]. When cells are low on cholesterol they express 

LDL-receptor, to which the apoB-100 can bind and initiate clathrin-mediated endocytosis [15, 16, 151]. Inside 

the cell, the LDL is transported to the LE/LYSs where cholesteryl esters are hydrolyzed by acidic lipases [152]. 

The liberated cholesterol is then exported across the lysosomal membrane, by the tandem action of two cho-

lesterol transfer proteins, NPC1 and NPC2 [27]. Dysfunction of either one of these proteins gives rise to the 

lysosomal storage disorders NPC disease, in which free cholesterol accumulates in the LE/LYSs [153]. To 

maintain cholesterol homeostasis, proper intracellular cholesterol trafficking is essential. The intracellular 

routes of LDL-cholesterol have been subject to discussion for several years and are still not fully understood. 

How LDL-cholesterol reach the main cholesterol regulatory organelle, the ER, has gained a lot of attention. 

Overall, two routes have been suggested; one in which cholesterol first pass the plasma membrane before 

reaching the ER [52, 53], another argues for a complementary route where cholesterol can reach the ER directly 

from the LE/LYSs independent of the plasma membrane [54, 55]. 

 

Microscopy is a powerful tool to study cholesterol trafficking in living cells, to which extent both 

extrinsically and intrinsically fluorescent sterols can be used. In the former, cholesterol molecules are labeled 

with a fluorophore either in the steroid backbone, or if it is a cholesteryl ester analog, on the fatty acyl chain 

[114]. Intrinsic fluorescence cholesterol analogs, such as CTL, contain multiple conjugated double bonds in 

the steroid rings of cholesterol [114]. CTL only deviates from the structure of cholesterol by having two addi-

tional double bonds in the intrinsic part of the molecule (Fig. S1), thus mimicking cholesterol’s biophysical 

behavior very closely [114]. Disadvantages of intrinsically fluorescent sterol-probes include low photostability 

and rapid photobleaching [154], asopposed to the extrinsically fluorescent probes, such as TopFluor- or NBD-

cholesterol, that exhibit relatively high photostability and brightness [117]. However, extrinsic fluorophore 

tagged to cholesterol molecules can affect the biophysical properties of the sterol, causing them to artificially 

accumulate in organelles, such as in lipid droplets and mitochondria [155, 156]. Moreover, can it interfere with 

the binding to sterol binding proteins in a poorly defined manner [157].  

 

By using either intrinsically or extrinsically fluorescent cholesteryl ester analogs, LDL-cholesterol 

trafficking can be examined [114, 158]. However, such approaches cannot distinguish when the LDL particles 

are intact, and when and where the sterol ester is hydrolyzed. Instead, a FRET couple consisting of a fluorescent 
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sterol ester with a fluorophore attached on the fatty acid, could be used for such a purpose. FRET is a process 

in which an excited donor fluorophore transfers energy in a nonradiative manner to an acceptor molecule. 

FRET can only take place when the donor and acceptor are within a close range of 1-10 nm, their dipoles are 

favorably oriented to each other, and the donor emission spectra overlap with the absorption spectra of the 

acceptor [159]. When FRET occurs, it will be reflected in a measurable change in the spectroscopic properties 

of the fluorophores, such as quantum yield, anisotropy, fluorescent intensity, lifetime, and photobleaching 

kinetics. A fluorophore may return to its ground state (S0) from its excited state (S1) by losing energy through 

fluorescence or various non-fluorescence pathways. When a donor fluorophore in a FRET pair can transfer its 

energy to an acceptor, it provides the donor an additional way to return to its ground state, thereby reducing 

the time it spends in the excited state (Fig. 3.2). This means that the fluorescence lifetime of the donor decreases 

when FRET occurs. Since a fluorophore only will bleach in its excited state, this also means that the photo-

bleaching of the donor will occur at a slower pace in the case of FRET. Moreover, because a fluorophore’s 

quantum yield is measured as the ratio between the number of emitted photons to the numbers of photons 

absorbed, the quantum yield will decrease since less energy will be emitted as photons in the presence of a 

FRET acceptor. Lastly, a decreased lifetime of the donor fluorophore would also lead to a measurable increase 

of the donor’s anisotropy, compared to when FRET does not occur. This is because it will have less time to 

rotate in its excited state, before emitting a photon [160]. Thus, by measuring a property change caused by 

FRET, it can be used as a measurement of molecular separation on a resolution scale that is not possible to 

obtain in conventional fluorescence microscopy. 

 

 
 
Figure 3.2 - Sketch of FRET by 
Jablonski diagrams. Simplified 
sketch of Jablonski diagrams illus-
trating FRET. K represents the rate 
constants for fluorescence (Kf), non-
fluorescence (Knf), and FRET 
(KFRET) for the donor. Most vibra-
tional energy states are left out for 
simplification. The sketch was cre-
ated with Inkscape. 

 

Here we present the tools for studying intracellular LDL-cholesterol trafficking in living cells with 

fluorescent widefield microscopy. We have established a reliable protocol for reconstituting human LDL par-

ticles with CTL oleate (LDL-CTL) and used this to study the kinetic of LDL-CTL uptake and transport to 

LE/LYSs and the ER. To image the trafficking of the intact sterol ester, free sterol, and the free fatty acid 

derived from LDL, we reconstituted LDL with a new fluorescent molecule; a CTL ester that can transfer en-

ergy, by FRET, to a [1,3]dioxolo[4,5-f][1,3]benzodixole (DBD) fluorophore placed on the fatty acid. DBD 

was chosen as the acceptor because its excitation spectra overlap with the emission spectra of CTL [161]. We 
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show that we can measure FRET in living cells, by measuring the bleaching kinetic of the donor (CTL), re-

flecting the intact CTL ester-DBD. Finally, we discuss future experiments with these tools.       

 

3.2 Results  
 
3.2.1 Reconstitution of LDL with CTL oleate 
 

For visualizing intracellular trafficking of LDL-cholesterol, we reconstituted the core of human LDL 

particles with the fluorescent cholesteryl ester analog, CTL oleate (Fig. 3.3A, S1). LDL particles were recon-

stituted with CTL oleate according to the method described by Krieger [162] with a few changes (see methods). 

As a first validation that the CTL oleate was incorporated, we routinely checked every preparation by acquiring 

its emission spectrum. When exciting LDL-CTL with 328 nm, the emission spectra of LDL-CTL and unlabeled 

LDL were clearly distinguishable (Fig. 3.3F).  

 

Reconstitution of CTL oleate in LDL was further confirmed in cell experiments. Fibroblasts that had 

been pre-starved overnight in lipoprotein deprived serum (LPDS)-containing medium and incubated with 

LDL-CTL for 6 hours nicely displayed an LDL-CTL signal in both vesicular structures and the plasma mem-

brane. The vesicular LDL-CTL signal was not observed when the cells were pre-treated with concanamycin 

A (conA) overnight before the addition of LDL-CTL (Fig. 3.3B). ConA, which is an H+-ATPase inhibitor, has 

been reported to inhibit both lysosomal activity and endocytosis [163]. To make sure that LDL-CTL was taken 

up by LDL receptor-mediated endocytosis we performed a competition assay with unlabeled LDL [164, 165]. 

For this assay, cultured fibroblasts were pre-starved from lipoproteins overnight in LPDS-containing medium 

to enhance the uptake of LDL, and incubated with LDL-CTL together with the LE/LYSs marker rh-dex for 6 

hours either in the absence or presence of excess unlabeled LDL. The representative results presented in figure 

3.3C show that the excess of unlabeled LDL particles resulted in a lower CTL signal. To quantify this obser-

vation, we segmented and detected the LDL-CTL signal in rh-dex-containing organelles versus the signal in 

the rest of the cell, by the use of the open image analysis platform, ImageJ [166]. Since the latter is not only 

quantifying the LDL-CTL signal in the plasma membrane but also contains some LDL-CTL signal from other 

cellular organelles, it will be referred to as the ‘PM’ (Fig. S2). First, CTL images were background corrected 

by subtracting the last frame from the first frame of the CTL-bleaching stack (see methods). Then a binary 

mask was created from the rh-dex image and multiplied with the CTL background corrected image. A thresh-

old from 1 to max was set on the multiplied image, and the mean gray intensity was measured within this 

threshold. Next, the multiplied image was subtracted from the CTL background corrected image, and the mean 

gray intensity was measured within a region of interest (ROI) surrounding the cell. From this quantification, 

we found that the excess unlabeled LDL decreased the CTL intensity by approximately 47 % in rh-dex-
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containing organelles (Fig. 3.3D) and 26 % in the ‘PM’ (Fig. 3.3E). Together these results demonstrate that 

we have established a reliable protocol for reconstitution of LDL with CTL oleate, that can be used to study 

the transport of LDL-derived sterol in living cell systems.   

 
Figure 3.3 - CTL oleate is incorporated in the core of LDL. A) Structure of CTL oleate. B) Fibroblasts were incu-
bated overnight in LPDS medium with or without 250 nM conA. On the day of microscopy, the cells were loaded with 
LDL-CTL for 6 h. Images are equally scaled. C) Fibroblasts were incubated overnight in LPDS medium. On the day 
of microscopy, the cells were loaded with LDL-CTL and rh-dex with or without excess LDL for 6 h. Images are equally 
scaled. Scalebar= 20 µm. D, E) Quantification of C. N=1 dish for each condition, n=12 frames in each dish for each 
condition. F) Emission spectra of 0.016 mg/mL LDL-CTL (red) and 0.2 mg/mL LDL (blue), excited with 328 nm. 
Notice, the two different y-axes, blue for LDL, and red for LDL-CTL.  
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3.2.2 LDL-CTL uptake and trafficking 
 

With the tools described above, we were able to examine the kinetics of LDL uptake. For this, fibro-

blasts were incubated in LPDS medium overnight together with rh-dex, and LDL-CTL for 1, 2, 3, 4, and 6 

hours before imaging. After 1-hour incubation LDL-CTL was found in both the plasma membrane and some 

internal vesicular organelles, but not considerably overlapping with the rh-dex signal (Fig. 3.4A). Already after 

2 hours of incubation, the LDL-CTL signal appeared more pronounced in the LE/LYSs. At the following time 

points, the LDL-CTL signal kept increasing in the LE/LYSs (Fig. 3.4A). To quantify this tendency, we used 

the method described above but added an extra step to normalize for cell-to-cell heterogeneous uptake of LDL-

CTL. We normalized the mean LDL-CTL signal by measuring the intensity of a small square drawn in the 

nucleus of a cell in each image and subtracting this value from the mean intensities found in the LE/LYSs and 

‘PM’. The quantification confirmed the observed tendency of increasing LDL-CTL signal in the LE/LYSs 

over time and fitting it to a mono-exponential equation revealed a half-life of 4.7 hours. A small variation in 

the LDL-CTL intensity was also found in the ‘PM’, however, this signal must also include LDL-CTL particles 

binding to the cellular surface (Fig. 3.4B).    

 

To follow LDL-CTL trafficking to the ER and the Golgi apparatus, the cells were co-labeled with 

NBD-ceramide (NBD-cer) 10 minutes before imaging. NBD-cer is primarily found in the Golgi but also faintly 

stains the ER [167]. Since the cholesterol level in the ER is low [2], we would only expect to see a weak LDL-

CTL signal in this organelle. Already after 1-hour of incubation, a weak LDL-CTL signal in tubular structures, 

overlapping with a weak NBD-cer signal was observed. Similar observations were made at the following time 

points (Fig. 3.5 white arrows). These experiments do not reveal where the LDL-CTL in the ER arrives from, 

whether it passes the plasma membrane before reaching the ER or if it arrives directly from LE/LYSs. How-

ever, they do suggest that the trafficking of LDL-CTL to the ER occurs rapidly.      
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Figure 3.4 - Kinetics 
of LDL-CTL uptake.  
A) Cells were starved 
from lipoproteins 
overnight in LPDS 
medium together with 
rh-dex. On the follow-
ing day, the cells were 
incubated with 0.1 
mg/mL LDL-CTL and 
incubated at 37oC, 5 % 
CO2, for 1 h, 2 h, 3 h, 4 
h, or 6 h. 10 minutes 
before imaging, the 
cells were incubated 
with 5 µM NBD-cer. 
A) The deconvolved 
images shown, are rep-
resentative images 
from one dish at each 
time point. Scalebar 20 
µm, and 5 µm in the 
zoomed regions. B) 
Quantification of A. 
The normalized Mean 
Gray LDL-CTL values 
in the LE/LYSs were 
fitted to the mono- 
exponential equation: 
 𝑓𝑓(𝑡𝑡) = 140.537− (1−
𝑒𝑒−0.148⋅𝑡𝑡). 
 n=8 images from each 
dish.  
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Figure 3.5 - LDL-CTL in 
the ER. Cells were starved 
from lipoproteins overnight 
in LPDS medium together 
with rh-dex. On the follow-
ing day, the cells were incu-
bated with 0.1 mg/mL LDL-
CTL and incubated at 37oC, 
5 % CO2, for 1 h, 2 h, 3 h, 4 
h, or 6 h. 10 minutes before 
imaging, the cells were in-
cubated with 5 µM NBD-
cer. White arrows point at 
regions where the LDL-
CTL signal overlaps with 
the weak NBD-cer signal 
found in the ER. Scalebar 
20 µm and 5 µm in the 
zoomed regions.  
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 3.2.3 FRET as a detector of intact CTL ester 
 

LDL-CTL provides a good tool for studying cholesterol uptake and to elucidate where intracellular 

CTL is transferred to after it has been taken up. However, it does not allow the study of when and where the 

sterol ester is intact, when and where the sterol ester is cleaved, or when and where the free sterol or the fatty 

acid transfers to after it has been hydrolyzed. To answer some of these questions, we developed in collaboration 

with Prof. Pablo Wessig from Potsdam University a fluorescent cholesteryl ester analog in which FRET would 

occur when the sterol ester is intact. In this molecule, CTL is linked with an ester bond to a fatty acid tagged 

with the organic fluorophore DBD (this molecule will from now on be referred to as CTL-DBD) (Fig. 3.6A 

and S1). In this configuration, the excited CTL acts as a donor that nonradiative transfers energy to the acceptor 

DBD, which has an excitation spectral overlap with the emission spectra of CTL (Fig. 3.6B, S3).  

 

 
 
 
 
 
Figure 3.6 - CTL-DBD as a 
FRET couple.  A, B) Illustrates 
the idea of how FRET would work 
in the intact CTL-DBD molecule. 
A) is made with ChemDraw 20.0 
and B) is created with Inkscape. 
 

 

LDL particles were reconstituted with CTL-DBD, in a similar manner as for CTL oleate, and the 

reconstitution was controlled by acquiring emission spectra and fluorescent thin layer chromatography (TLC). 

When exciting the TLC with 302 nm, emission of the lipids extracted from LDL reconstituted with CTL-DBD 

(LDL-CTL-DBD) revealed a fluorescent band corresponding to CTL-DBD (Fig. 3.7C). To acquire the emis-

sion spectrum, LDL-CTL-DBD were diluted in PBS and excited with two different wavelengths; 328 nm to 

excite the donor and 430 nm to directly excite the acceptor. When the donor was excited at 328 nm the FRET 

signal was detected, with an emission maximum at 537 nm (Fig. 3.7D). Moreover, a small peak around 380 

nm appeared, which could either be the weak emission of the donor itself, from the protein (apoB-100 of the 

LDL particle) or perhaps more likely, a combination of these (Fig. S4B). By exciting the acceptor directly with 

430 nm, the emission peak at 537 nm intensity increased (Fig. 3.7D). As a negative control of the emission 

peak detected at 537 nm, when exciting with 328 nm, was the FRET signal, we reconstituted LDL with only 

the acceptor: a cholesteryl ester bearing a DBD dye on the fatty acid (Fig. S1, referred to as LDL-chol-DBD). 
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No peak was detected when exciting LDL-chol-DBD at 328 nm, whereas an increase in the emission intensity 

around 530 nm was detected when exciting with 430 nm. For comparison, LDL diluted in PBS did not emit 

any signal in the 530 nm range when being excited with either 328 nm or 430 nm (Fig. S4B).     

 

 
Figure 3.7 - Reconstitution 
of LDL with CTL-DBD. A) 
Fibroblasts were starved 
from lipoproteins overnight 
in LPDS medium supple-
mented with 10 µM mevas-
tatin. The following day, 0.1 
mg/mL LDL-CTL-DBD was 
added to the cells together 
with rh-dex, and the cells 
were incubated overnight. 
The subsequent day, the cells 
were washed with PBS be-
fore imaging in M1 medium. 
Scalebar 20 µm. B) Merged 
image of FRETnorm in ma-
genta and DBD in green. C) 
Fluorescent TLC, excited 
with 302 nm, of 0.03 mg 
LDL-CTL-DBD (extracted 
with CHCl3: MeOH), CTL-
DBD, and CTL oleate.  D) 
Emission spectra of 0.1 
mg/mL LDL-CTL-DBD, ex-
cited with 328 nm and 430 
nm.   

 

One thing is how fluorophores act in vitro another is how they work in living organisms. To examine 

this, we enhanced the uptake of LDL-CTL-DBD by pre-starving fibroblasts from lipoproteins in LPDS-con-

taining medium supplemented with 10 µM mevastatin overnight before refeeding them with LDL-CTL-DBD 

for additionally 20 hours. To capture the FRET signal in living cells on the widefield microscope, we modified 

a filter cube, so that it excites with 335 nm (20 nm bandpass) and collects all emission wavelength (this channel 
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will from hereon be referred to as the ‘FRET’ channel). This means, that when imaging the LDL-CTL-DBD 

loaded cells in this channel, we gathered both the actual FRET signal and the donor (CTL) signal. To resolve 

which signal was a result of FRET, the normalized FRET image (FRETnorm) was calculated by subtracting the 

donor image from the FRET and dividing this with the donor image (Fig. 3.7A): 

𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹−𝑑𝑑𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝑑𝑑𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

. 

By comparing the CTL, FRET, and FRETnorm images in figure 3.7A, FRETnorm appears more pronounced in 

distinct vesicular structures, and less in the plasma membrane. Likewise, is the DBD mostly found in vesicular 

structures (Fig. 3.7A). By merging the two channels, DBD in green and FRETnorm in magenta, places with high 

intensity in both channels are visualized in white (Fig. 3.7B). The merged image shows a region in the lower 

right side of the cell, that contains multiple vesicular structures with DBD, but does not display a FRET signal, 

likely being the hydrolyzed DBD-fatty acid.        

 
 3.2.4 Analyzing sterol ester trafficking with donor photobleaching  
 

A decreased fluorescent lifetime of FRET donors is often the preferred method for FRET measure-

ments, as such experiments only require few controls. Measurements of fluorescent lifetime, which for most 

fluorophores are within nanoseconds, require specialized instruments [160]. To our knowledge, there exists no 

fluorescent lifetime microscope suitable to measure CTL’s UV fluorescence. Moreover, considering CTL’s 

short lifetime (0.3-0.8 ns, measured with spectroscopy [118]), a reduction due to FRET would be almost im-

possible to measure. Finally, CTL would bleach too fast for the long acquisition time required for lifetime 

measurements [160]. Instead, we have used another approach as a measurement of FRET, namely the bleach-

ing kinetic of the donor, in which an unstable donor is actually a requirement, rather than a disadvantage [160].     

For imaging the bleaching of the donor, we pre-starved fibroblasts from lipoproteins in LPDS-con-

taining medium supplemented with mevastatin and incubated the cells overnight with LDL-CTL-DBD or 

LDL-CTL. The following day, we acquired bleaching stacks with 100 frames of the donor in the presence 

(LDL-CTL-DBD) or absence of the acceptor (LDL-CTL). To analyze the bleaching kinetic, we first segmented 

the cells by creating a mask from the first acquired image in the donor bleaching stack. This mask was multi-

plied with the bleaching stack and the mean gray values were extracted as numerical data sets (Fig. S5). The 

mean intensities were normalized by dividing with the maximum mean gray value in each bleaching stack and 

fitted to a mono-exponential decay function (Table 1, Fig. 3.8A). As can be seen in figure 3.8A, C, and table 

1, bleaching of the donor in the presence of the acceptor takes almost twice as long as in the absence of the 

acceptor. Bleaching of the molecule occurs much faster than bleaching of the autofluorescence, both with and 
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without the acceptor in the molecule (Fig. 3.8, Table 1). From the average t½ [160, 168], we estimated the 

FRET efficiency to be ~0.55. 

 
Figure 3.8 - FRET detection by donor photobleaching.  A) Fibroblasts were starved from lipoproteins overnight in 
LPDS medium supplemented with 10 µM mevastatin. The following day, 0.1 mg/mL LDL-CTL-DBD or LDL-CTL 
was added to the cells together with rh-dex, and the cells were incubated overnight. The next day, the cells were washed 
with PBS before imaging in M1 medium. Bleaching stacks of 100 frames were acquired in the donor (UV) channel. 
Cells were segmented by a mask (see text for further details) and the bleaching kinetics was plotted and fitted to the 
mono-exponential decay: 𝑓𝑓(𝑡𝑡) = 𝐴𝐴 ⋅ 𝑒𝑒−𝑏𝑏⋅𝑡𝑡 + 𝐶𝐶. Plots show average decay of 8-12 bleaching stacks from 2 dishes of 
both conditions ± standard deviation. One dish with no labeling was made as a negative control, with 2 bleaching 
stacks. B) Montages of the bleaching stacks acquired in the donor (UV) channel of cells labeled with either LDL-CTL-
DBD or LDL-CTL. C) Calculated half-life (𝑡𝑡½ = ln(2)

𝑏𝑏
) from each fit in A. D) Normalized FRET images before and 

after bleaching the donor.  
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Condition 𝒇𝒇(𝒕𝒕) = 𝑨𝑨 ⋅ 𝒆𝒆−𝒃𝒃⋅𝒕𝒕 + 𝑪𝑪 𝒕𝒕½ (S) 

Donor and Acceptor (LDL-CTL-DBD)  0.073981 ⋅ 𝑒𝑒−0.259178⋅𝑡𝑡 + 0.921551 2.674403  

Donor (LDL-CTL) 0.252885 ⋅ 𝑒𝑒−0.57885⋅𝑡𝑡 + 0.796558 1.197456 

Negative Control (No labeling) 0.601693 ⋅ 𝑒𝑒−0.001201⋅𝑡𝑡 + 0.39728 576.9024 

Table 1. Fits of average decay - Fibroblasts were starved from lipoproteins overnight in LPDS medium supplemented 
with 10 µM mevastatin. The following day, 0.1 mg/mL LDL-CTL-DBD or LDL-CTL were added to the cells together 
with rh-dex, and the cells were incubated overnight. The next day, the cells were washed with PBS before imaging in 
M1 medium (see more details in method). Bleaching stacks of 100 frames were acquired in the donor (UV) channel. 
Cells were segmented by a mask (see the text for details) and the average bleaching kinetics was plotted and fitted to 
the mono-exponential decay: 𝒇𝒇(𝒕𝒕) = 𝑨𝑨 ⋅ 𝒆𝒆−𝒃𝒃⋅𝒕𝒕 + 𝑪𝑪. n= 8-12 bleaching stacks from 2 microscope dishes of both condi-
tions. 

 

Looking at the t½ for each segmented bleach stack revealed quite some heterogeneity in the bleaching 

kinetic of the donor in the presence of the acceptor. However, all the t½ values for the donor in the presence of 

the acceptor were higher than the highest t½ found for the donor without the acceptor (Fig. 3.8C).       

 
3.2.5 Pixel-based FRET analysis  
 

By looking at the bleaching of the entire cell, we established that we could use the donor photobleach-

ing as a readout for FRET. However, this approach ‘smears out’ wherein the cell FRET occurs. To obtain more 

information about where in the cell CTL-DBD is intact, we analyzed the donor photobleaching kinetics in a 

pixel-based manner. For this, we employed the free available plugin for ImageJ ‘PixBleach’ [154].   

 

First, we evaluated which expression would describe the pixelwise donor bleaching the best, by com-

paring the χ2 and root mean square error (RMSE), generated by PixBleach, when fitting the donor pixel bleach-

ing to either a mono-exponential or a stretch-exponential decay (Fig. S6C and D). The expression for stretch-

exponential decay differs from a regular mono-exponential decay by having an additional stretch factor, h. h 

describes the ‘course’ of the decay compared to mono-exponential decay, where h<1 gives a compressed and 

h>1 a stretched decay and is in the latter case a direct measurement of the variation (the width) in the distribu-

tion of decay constants [130]. Both χ2 and RMSE revealed a better fit when fitting the pixels to the stretch-

exponential function: 

𝑀𝑀𝑠𝑠𝑡𝑡(𝑡𝑡) = 𝐼𝐼0 ⋅ 𝑒𝑒
−(𝑡𝑡 
𝜏𝜏) 

1
ℎ + 𝐼𝐼∞ 

in which I0 denotes the intensity in the first frame (pre-bleaching), τ the decay time constant, h the heteroge-

neity stretch parameter, and I∞ the remaining intensity at infinity time, which most often approximate towards 

the background noise level and here likely would resemble the autofluorescence of the cell [130]. The four last 
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rows of figure 3.9 show the output from PixBleach when setting the minimum decay to 10 (representative 

histograms are shown in Fig. S7). As can be seen in the top row of figure 3.9A, the initial donor signal was 

higher in the absence of the acceptor, which is another characteristic feature of FRET [160] and is reflected in 

I0. The lower pre-bleach intensity of the donor without the acceptor would also result in a worse signal-to-

noise ratio that could increase the background parameter, I∞.  

 

Figure 3.9 - Pixel-based 
FRET analysis. Fibro-
blasts were starved from 
lipoproteins overnight in 
LPDS medium supple-
mented with 10 µM 
mevastatin. The following 
day, 0.1 mg/mL LDL-
CTL-DBD or LDL-CTL 
was added to the cells to-
gether with rh-dex, and 
the cells were incubated 
overnight. The next day, 
the cells were washed 
with PBS before imaging 
in M1 medium. Bleaching 
stacks of 100 frames were 
acquired in the donor 
(UV) channel. Individual 
cells were cut out and an-
alyzed with PixBleach. A) 
top row shows the back-
ground corrected donor 
(UV) signal before 
bleaching stacks were ac-
quired. The following 
rows show the results 
from fitting the bleaching 
kinetics in each pixel to 
the stretch-exponential 
function:  

𝑀𝑀𝑠𝑠𝑡𝑡(𝑡𝑡) = 𝐼𝐼0 ⋅ 𝑒𝑒
−(𝑡𝑡 
𝜏𝜏) 

1
ℎ + 𝐼𝐼∞ 

 
I0 is the intensity in the 
first frame, I∞ the remain-
ing intensity at infinitive 
time, h the heterogeneity 
stretch factor, and τ the 
decay time constant. B 
and C) Mean values of h 
and τ respectively, from 2 
microscope dishes with 8-
12 cells in each, for each 
condition.         
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More interesting for our interpretation of FRET are the two remaining constants, h, and τ. A com-

pressed decay (h<1) would be expected in cases with delayed decay [130]. Except for one outlier, the mean h 

values for cells loaded with LDL-CTL-DBD or LDL-CTL were all above 1 (Fig. 3.9B), meaning that the donor 

fluorescence is declining by a stretch-exponential decay independent of the presence of the acceptor. The time 

constant, τ, describes the rate of decay in the donor fluorescence intensity. As can be seen in the last row of 

figure 3.9A and C, τ is considerably larger for the donor in the presence of the acceptor reflecting slower 

photobleaching. As for the t½ found from the mono-exponential fit, the τ values were more heterogeneous in 

the presence of the acceptor. From the average values of all the mean τ values, displayed in figure 3.9C, was 

the FRET efficiency again estimated to 0.55. Since we would expect the FRET efficiency to be higher in intact 

LDL particles, we pre-treated one microscope dish with 250 nM conA 1.5 h before loading the cells with LDL-

CTL-DBD overnight, to reduce the uptake and hydrolysis of LDL particles. Prior to bleaching, such cells 

displayed similar donor signals as cells not treated with conA, but considerably higher τ values in the cellular 

periphery (Fig. S8), indicating more intact LDL-CTL-DBD.               

 

3.3 Discussion and perspectives   
 

Reconstitution of LDL with CTL ester is not a new method, back in the early 1970s this was done to 

study the organization of LDL particles [114, 169]. With the use of spectroscopic analysis, Smith and Green 

[169] showed that unesterified CTL quenched the tryptophan fluorescence of LDL’s apoB-100 to a greater 

extent than esterified CTL did. From this, they concluded that cholesteryl esters mostly localize to the core of 

LDL particles whereas free cholesterol generally resides together with phospholipids in the surrounding mon-

olayer of the particles [114]. In 1978 Krieger et al. described how to reconstitute LDL with radioactively 

labeled cholesteryl linoleate [162], a method based on the lyophilization and heptane extraction procedure 

described by Gustafson in 1965 [170]. The same group showed later that they could reconstitute LDL with 

hydrophobic fluorescence probes [165]. Several years later, we have used the same methods to develop new 

tools that can answer new questions about LDL.   

 

To validate successful reconstitution of LDL with CTL oleate we tested if we could outcompete the 

LDL-CTL uptake in primary fibroblast with native unlabeled LDL. In the presence of excess LDL, the LDL-

CTL signal in the ‘PM’ and the LE/LYSs were reduced by 26 % and 47 % respectively (Fig. 3.3 C-E). The 

remaining signal could result from a combination of the native LDL not outcompeting the binding of LDL-

CTL completely and/or LDL-receptor independent uptake [164, 171, 172]. Upon inhibiting lysosomal activity 

and endocytosis with conA, LDL-CTL signal was observed in the plasma membrane (Fig. 3.3B). This signal 

could originate from LDL-CTL particles binding to the cell membrane. Combining such two experiments, i.e. 
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outcompete LDL-CTL with excess unlabeled LDL in cells pre-treated with conA, would help clarify the men-

tioned possibilities.             

 

By quantifying the LDL-CTL mean intensity in LE/LYSs and the ‘PM’ over time, we found only 

minor variation in the LDL-CTL level in the ‘PM’, whereas the intensity in the LE/LYSs increased exponen-

tially with a half-life of approximately 4.7 h (Fig. 3.4). By using radioactively labeled cholesteryl oleate in 

LDL Neufeld et al. found a similar half-life for lysosomal LDL-cholesterol [55]. The appearance of LDL-CTL 

in the plasma membrane already after 1-hour incubation is in disagreement with what Kanerva et al. reported 

for LDL labeled with BODIPY-cholesteryl linoleate (LDL-BC-LN) [158]. They examined the arrival of LDL-

BC-LN in the plasma membrane with total internal reflection (TIRF) microscopy and did not detect this until 

after a 2 hours chase. These diverse findings could be explained by the different applied techniques and the 

experimental setups. BODIPY is a stable and bright fluorophore [117], which gives it several advantages. For 

instance, it can be imaged over long periods and be imaged by different imaging modalities, including confocal 

and TIRF microscopy. However, large attached fluorophores to the cholesterol molecule come with the risk of 

interfering with its biophysical behavior [173]. By using the intrinsic fluorophore CTL we overcome some of 

the biophysical drawbacks [174], but this comes with the price of being challenging to image since it bleaches 

rather fast and emits a relatively weak signal [117]. Due to the poor photostability of CTL and its low emis-

sion/excitation maxima, it requires specific imaging equipment and cannot be imaged with for instance con-

ventional TIRF and laser confocal microscopes. In contrast to our experiments, were the cells chased in the 

absence of fluorescent labeled LDL in the study by Kanerva et al., excluding LDL binding to the plasma 

membrane. Thus, the different results with the two probes cannot directly be compared. Moreover, in TIRF 

microscopy the sample is exclusively excited within approximately 100 nm of the sample interface [175], thus 

Kanerva et al. [158] almost completely excluded any LDL-BC-LN signal from other organelles than the plasma 

membrane. Due to lower resolution along the Z-axis in the widefield microscopy [176], our images of LDL-

CTL do not exclude such background signals. Contrary, in agreement with our results, radioactively labeled 

cholesterol derived from LDL was found by others in the plasma membrane before 1-hour chase, with a half-

time of approximately 41 minutes [177].  

 

Similarly to what others have found [52, 62], we could observe traces of LDL-CTL in the ER already 

after 1 h incubation by co-labeling the ER with NDB-cer. It would be of great value for future studies of ours, 

to quantify the amount of LDL-CTL in the ER. Although the LDL-CTL intensity in the ER shown in figure 

3.5 is too low to perform a reliable quantitative analysis on, we might be able to gain a better ER signal with 

another experimental setup. Progesterone and amphiphile agents, such as the drug U18666A, cause accumu-

lation of LDL-cholesterol in LE/LYSs and can be chased out, reversing the cholesterol accumulation [178]. 

By employing such agents in fibroblasts heavily loaded with LDL-CTL, followed by a chase out, we should 
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be able to gain a higher LDL-CTL signal in the ER and capture the LDL-CTL arrival at earlier time points 

than possible in our experiments reported here.         

 

With the goal of examining the trafficking of free sterol and ester derived from LDL after it has been 

hydrolyzed, we came up with the idea for LDL-CTL-DBD. A comparable approach has previously been used 

by others to study the degradation of LDL particles in cells [179]. We reconstituted CTL-DBD into LDL by 

the same method as used for LDL-CTL but had to increase the ratio of reconstituted CTL-DBD/cholesteryl 

oleate to obtain a detectable signal. By comparing the emission spectra when exciting with 328 nm for LDL-

CTL (Fig. 3.3F) and LDL-CTL-DBD (Fig. S4), that have been reconstituted with equal ratio fluorescent sterol 

probe/cholesteryl oleate, the spectrum for LDL-CTL showed a much higher intensity. Several scenarios could 

explain the reduced intensity of LDL-CTL-DBD including quenching, environmental impacts, and lower effi-

ciency of the reconstitution procedure. To detect quenching, we added the detergent Triton X-100 to LDL-

CTL-DBD diluted in PBS [180], but no increase in the intensity was measured (data not shown). Moreover, 

we assume the signal imaged upon conA treatment is a mixture of internalized, but not hydrolyzed, and intact 

LDL particles binding to the cellular surface. Therefore, we would have expected a lower signal if CTL-DBD 

was quenched in the LDL particles, which was not the case (compare the LDL-CTL-DBD signal with and 

without conA in Fig. S8, top row). A lower efficiency of incorporation of CTL-DBD in LDL, compared to 

CTL oleate, is likely and could potentially be evaluated [165].  

 

Differences in the incorporation efficiency could depend on multiple factors including the molecule 

being incorporated, but indeed also the ‘quality’ of the LDL particle. The spectra shown of LDL-CTL-DBD 

and LDL-chol-DBD in figure S4B have been prepared following the same procedure. One would not expect 

much difference in the incorporation efficiency due to the similarity of the molecular structure of the CTL-

DBD and chol-DBD, which only differs with the two additional double bonds in the sterol part of the CTL-

DBD molecule (Fig. S1). A large difference in the emission intensity was also frequently measured when 

preparing different batches of LDL-CTL (data not shown), following the same method and the only variating 

factor being the batch of LDL.           

 

Since DBD dyes are sensitive to their environment [161], the intensities imaged in the green channel 

of cells loaded with either LDL-CTL-DBD or LDL-chol-DBD should be interpreted with some caution (Fig. 

3.7 and S4A), meaning that high intensities do not necessarily mean more DBD. Moreover, as also described 

in the method section below, the reconstitution of LDL with the two different sterol-DBD probes, loaded in 

cells (Fig. S4A), were done with two different fluorescent-sterol/cholesteryl ester ratios. Contrary, the spec-

troscopic measurement (Fig. S4B) were done for LDL reconstituted with similar fluorescent-sterol/cholesteryl 

ester ratios for both probes and will soon be replicated with comparable fluorescence-sterol/cholesteryl oleate 
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ratios in cells as well. Thus, the intensities of the images acquired in the green channel in figure S4A should 

not directly be compared between cells loaded with LDL-CTL-DBD and LDL-chol-DBD. Nevertheless, the 

LDL-chol-DBD still serves as a valuable control, since the green signal in figure S4A and A’ from both fluo-

rescents LDL preparations are considerably larger than the imaged autofluorescence in this channel. Im-

portantly, cells loaded with LDL-chol-DBD only present a low and completely different signal in the FRET 

channel, compared to cells loaded with LDL-CTL-DBD (Fig. S4A).        

 

We exploit the slower donor photobleaching upon energy transfer to the acceptor in our CTL-DBD 

FRET pair to quantitatively analyze the FRET in cells loaded with LDL-CTL-DBD. By fitting the donor 

bleaching of the entire cell to a mono-exponential decay and determining the average t½ from multiple cells a 

FRET efficiency of ~55% was estimated. Since the stretch parameter allows a little more ‘flexibility’ to fit the 

data, the pixel-based fit to the stretch-exponential function gave slightly lower χ2 and RMSE values compared 

to the mono-exponential fit and was therefore chosen for the further pixel analysis (Fig. S6). However, the 

parameters determined from the two different fits are quite similar (Fig. S6) and also gave similar FRET effi-

ciencies. The whole cell analysis, with the mono-exponential fit, revealed that the halftimes of the donor 

bleaching were rather heterogeneous, from cell to cell, in the presence of the acceptor (Fig. 3.8C). As expected, 

so were the time constants from the stretch-exponential fit (Fig. 3.9C). This spread of t½ and τ affect the cal-

culated FRET efficiencies but could also reflect the heterogeneity in LDL uptake and (likely) hydrolysis from 

cell to cell. The FRET efficiency depends, among other things, on the distance between donor and acceptor 

[160], and hence should differ inside the cell, depending on whether the CTL-DBD are hydrolyzed or not. 

Therefore, examining FRET on a single cell level, by qualitatively looking at the time constant images of the 

LDL-CTL-DBD (Fig. 3.9A) and the FRETnorm images (Fig. 3.7A and B) might, in the end, be more informative 

than calculating the FRET efficiency. Interestingly, compared to CTL-DBD dissolved in chloroform (Fig. 

S3D), the calculated FRET efficiency was higher in cells (~ 0.47 vs. ~ 0.55), likely because the donor and 

acceptor are closer packed within LDL particles. A little unexpectedly, the time constants from the stretch-

exponential fit appeared high in the nucleus (Fig. 3.9A). This likely results from capturing some LDL-CTL-

DBD signal from the plasma membrane, due to collecting some out of focus signal with the widefield micro-

scope as described above  

 

Despite the multiple experiments presented in this report, some key experiments are lacking to deter-

mine whether the CTL oleate and CTL-DBD are being hydrolyzed. We have four experiments in the pipeline 

to answer this question: 1) in vitro experiments with lysosomal acid lipases that could tell whether the CTL 

oleate and CTL-DBD can be hydrolyzed [20, 21]. 2) By loading the fluorescent LDL in Wolman diseased 

cells, which have a decreased sterol ester hydrolysis activity [181], we would expect to see an accumulation 

of both probes in the lysosomes, and in the case of LDL-CTL-DBD a higher FRET signal. 3) Reconstitution 
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of LDL with non-hydrolyzable ether analog of the fluorescent sterol molecules should likewise display a dif-

ferent cellular distribution [182, 183]. 4) Mass spectrometry will be used to measure if fibroblasts hydrolyze 

the fluorescent cholesterol ester analogs, as we previously have used to examine the esterification of the in-

trinsic fluorescent cholesterol analog DHE from the plasma membrane in fibroblasts [146].  

 

3.4 Concluding summary  
 

Here we have presented new tools for studying and analyzing intracellular LDL-cholesterol traffick-

ing. We have reconstituted LDL with CTL oleate and studied the uptake of it in primary fibroblasts and showed 

the groundwork for how intracellular transfer of LDL-CTL can be tracked with microscopy and quantitative 

image analysis. With this new tool to study LDL-CTL in cells, we were able to develop a new LDL probe, 

LDL-CTL-DBD, that (presumably) can reveal when and where the CTL ester are hydrolyzed. We show that 

we can image the FRET of LDL-CTL-DBD, by measuring the photobleaching kinetics, and analyze this on a 

single-cell and a pixel-based level. Similar FRET efficiencies were found with both approaches, although the 

pixel-based analysis might provide more information regarding where in the cells FRET takes place. These 

tools have the potential to provide key evidence in the discussion about the intracellular journey of sterol 

derived from LDL. Understanding intracellular cholesterol trafficking in health creates the foundation for 

fighting sterol-related diseases, such as atherosclerosis and lysosomal storage disorders, as NPC disease.  

 

3.5 Methods and material  
 

Most of the used chemicals were purchased from Sigma Chemicals (St. Louis, MO) including human 

lipoprotein depleted serum (LPDS, S5519), LDL (L8292), cholesteryl oleate (303-43-5), Sigmacote (SL2), 

potato starch (9005-25-8), mevastatin (73573-88-3) and concanamycin A (27689). Fetal bovine serum (FBS) 

and DMEM were from GIBCO BRL (Life Technologies, Paisley, Scotland). Rhodamine-labeled dextran 

(D1819) and NBD-C6-Ceramide (N1154) were from Invitrogen/Molecular Probes (Inc. USA).  

CTL oleate was synthesized and kindly provided by Professor Douglas F. Covey. CTL-DBD and Cho-

lesterol-DBD (chol-DBD) were synthesized and kindly provided by Professor Pablo Wessig.  

 
3.5.1 Cell culturing  
 

Human skin fibroblast from a healthy male donor (Coriell Institute #GM08680) was cultured in T25 

culture flasks, at 37 oC in an atmosphere of 5 % CO2 in complete DMEM culture medium supplemented with 

https://www.sigmaaldrich.com/catalog/search?term=9005-25-8&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=DK&focus=product
https://www.sigmaaldrich.com/catalog/search?term=73573-88-3&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=DK&focus=product
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1 % glutamax, 1 % Penicillin-Streptomycin, and 10 % FBS. Cells were checked daily and split with trypsin 

when a confluency of 90 % was reached. Prior to fluorescent microscopy, cells were placed on 35 mm micro-

scope dishes with glass bottom (P35G-1.5-50-C, MatTek) and allowed to settle for 24-48 h in their culture 

medium, before initiating experiments.   

 
3.5.2 Reconstitution of LDL with fluorescence sterol esters and validation  
 

The reconstitution of LDL with CTL oleate or chol-DBD was done as described by M. Krieger [149] 

with a few modifications. 2 mg LDL (SAE0053, Sigma) was mixed with 25 mg potato starch (S4251, Sigma) 

in Sigmacoated (SL2, Sigma) glass vials. Before lyophilization of the LDL overnight at -110oC, the mixture 

was snap-frozen by swirling it around in liquid nitrogen and subsequently frozen for 2 hours at -80oC. To 

extract the endogenous lipid core of LDL, 5 ml ice-cold heptane was added to the lyophilized LDL, vortexed 

for 1 min, and centrifugated at 5000xg for 10 min, at 4oC. The supernatant was removed, and the extraction 

was repeated two more times. Immediately after the last extraction, 1 mg CTL oleate or chol-DBD and 5 mg 

cholesteryl oleate dissolved in 200 μL ice-cold heptane was introduced to the extracted LDL, gently mixed 

with a spatula, and incubated for 10 min at -20oC. The heptane was then evaporated under a slow steam of N2 

and the particles were solubilized overnight in 10 mM Tricine buffer pH 8.4 at 4oC. The following morning, 

the reconstituted LDL was isolated by centrifugation, first in the glass vial at 5000xg, 10 min, 4oC, before the 

supernatant was moved to an Eppendorf tube and centrifuged for 10 min, with 9000 RCF, at 4oC. The super-

natant was moved to a clean Eppendorf tube, and the centrifugation was repeated two more times.  

 

Reconstitution of LDL with CTL-DBD was done as described above but was after a few preparations 

optimized to the ratio: 2 mg CTL-DBD to 4 mg cholesteryl oleate. Only the preparation with 2 mg CTL-DBD 

was used in cell experiments.      

 

To validate the reconstitution, emission spectra of reconstituted LDL diluted in PBS were acquired on 

an ISS K2 spectrofluorometer (ISS, Champaign, IL, USA) equipped with a 300 W Xenon arc lamp with a slit 

width of 0.5 mm. LDL-CTL was excited with 328 nm and the emission of 350-500 nm was measured. LDL-

CTL-DBD and LDL-chol-DBD were excited first with 328 nm, then 430 nm, and the emission of 350/450-

700 nm was measured. Before running TLCs, the lipids were extracted from the reconstituted LDL solution 

by mixing it 1:10 with CHCl3:MeOH (2:1). The mixture was spun down, and the top layer was removed. The 

bottom layer was evaporated and dissolved in 50 μL CHCl3 and added dropwise on a silica plate together with 

relevant lipids dissolved in CHCl3 as references. Petroleum ether: Ethylacetate (4:1) was used as eluant. The 

fluorescent signal was examined by acquiring fluorescent images of the TLC plate, exciting with 302 nm.  
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3.5.3 Uptake of reconstituted LDL with or without concanamycin A   
 

Primary fibroblasts grown on 35 mm microscope dishes with glass bottom were incubated in lipopro-

tein deprived media consisting of DMEM and 10 % LPDS (LPDS medium) overnight with or without 250 nM 

concanamycin A. On the day of microscopy, the cells were loaded with 0.1 mg/mL LDL-CTL for 6 h. Before 

imaging in M1 medium containing 150 mM NaCl2, 5 mM KCl, 1mM CaCl2, 1 mM MgCl2, 5 mM glucose, 

and 20 mM HEPES, the cells were washed in PBS.  

 

To inhibit uptake and hydrolysis of LDL-CTL-DBD, cells were incubated in LPDS medium overnight 

and on the following day incubated with 250 nM conA for 1.5 h, before loading with 0.1 mg/mL LDL-CTL-

DBD overnight. The cells were washed in PBS before imaging in M1 medium.    

 
3.5.4 LDL vs. LDL-CTL competing assay  
 

Primary fibroblasts grown on microscope dishes were incubated in LPDS medium overnight. The 

following day, 1 mL LPDS medium was mixed with 0.5 mg/mL rh-dex, 0.05 mg LDL-CTL, and with or 

without 4 mg LDL. This mixture was given to the cells and incubated for 6 h at 37oC, 5 % CO2. The cells were 

washed with PBS before they were imaged in M1 medium.     

 
3.5.5 Kinetic of LDL uptake 
 

Primary fibroblasts placed on microscope dishes were incubated in LPDS medium and 0.5 mg/mL rh-

dex overnight. The following day the dishes were loaded with 0.1 mg/mL LDL-CTL for 1 h, 2 h, 3 h, 4 h, 5 h, 

and 6 h. 10 minutes before imaging, the cells were incubated with 5 µM NBD-cer. The cells were washed with 

PBS before they were imaged in M1 medium.     

 
3.5.6 Widefield fluorescence microscopy 
 

A Leica DMIRB microscope with a 63x 1.4 oil immersion objective (Leica LAsertechnik GmbH) 

controlled by a lambda SC smart shutter (Shutter Instrument Company) was used to carry out widefield fluo-

rescence microscopy. The microscope was equipped with an Andor IxonEM blue EMCCD camera operated at 

-75oC and driven by the Solis software supplied with the camera. CTL was imaged by the use of a specially 

designed filter cube from Chroma Technology (Brattleboro, VT, USA) with a 335-nm (20-nm bandpass) ex-

citation filter, 365-nm dichromatic mirror, and 405-nm (40-nm bandpass) emission filter. To collect the FRET 

signal from CTL-DBD a filter cube with a 335-nm (20-nm bandpass) excitation filter, a 365-nm dichromatic 
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mirror, without emission filter was used. The UV signal of CTL was always collected as bleaching stacks 

consisting of 50-100 frames. To adjust for chromatic aberration, the focus plane was adjusted when acquiring 

images of CTL [184]. Green fluorescence was imaged with a standard fluorescein filter set with a 470-nm (20-

nm bandpass) excitation filter, 510-nm dichromatic mirror, and 537-nm (23-nm) bandpass emission filter. For 

imaging red fluorescence, a standard rhodamine filter set with 535-nm (50-nm bandpass) excitation filter, 565-

nm dichromatic mirror, and 610-nm (75-nm bandpass) emission filter was used.  

 

Cells labeled with LDL-CTL were imaged with a neutral density filter placed between the lamp and 

the sample, to protect against bleaching. The exposure time was set to 0.4 S (frame rate: 0.5 S) for the UV 

channel and 0.1 S for all the other channels.  

 

For bleaching kinetic comparison experiments LDL-CTL-DBD, LDL-chol-DBD and LDL-CTL were 

all imaged without the neutral density filter. The exposure time was set to 0.4 S (frame rate: 0.5 S) in all 

fluorescence channels. First, a bright-field image was acquired (exposure time 0.1 S), then a fluorescence 

image in green/red, and then an image in the FRET channel. The focus plane was then adjusted for chromatic 

aberration, and a bleaching stack of 100 frames was captured in the UV channel. Next, the focus plane was 

adjusted back and another image in the FRET channel was taken. Finally, a green/red fluorescence image was 

acquired again.  

 
3.5.7 Image analysis  
 

Images were analyzed and processed in ImageJ (http://rsb.info.nih.gov/ij). Deconvolution of images 

was done with the Richardson-Lucy algorithm [185] with a theoretical point spread function calculated with 

the appropriate wavelength, refractive index, numerical aperture, and pixel spacing. Cellular autofluorescence 

in the UV channel was separated from fluorescence CTL signal by subtracting the last frame from the first of 

the bleaching stacks [186] (referred to as background corrected in the text).  

Quantification of CTL in rh-dex-containing organelles and the ‘PM’   

To quantify the LDL-CTL signal in organelles containing rh-dex and the remaining cell area denoted 

‘PM’, a set of macros were written to make the analysis semi-automatic. Briefly, a binary mask was generated 

from the image acquired of rh-dex by thresholding. Single ‘pixel-noise’ was removed by deleting 1 pixel in the 

mask followed by adding one pixel (‘open’). Background corrected CTL images were multiplied with the mask, 

and the CTL signal was measured within a threshold. The multiplied CTL images were subtracted from the 

background corrected CTL images, and the mean CTL intensity of the ‘PM’ was measured within a ROI. The 

values were extracted and further analyzed in Microsoft Excel. When normalizing the mean intensities, the 
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mean gray intensity of a small square within the cell nucleus was subtracted from the mean intensity found in 

the LE/LYSs and the ‘PM’ (Fig. S2). The LDL-CTL intensity in LE/LYSs was fitted to the mono-exponential 

equation:  𝑓𝑓(𝑡𝑡) = 𝐴𝐴 ⋅ (1 − 𝑒𝑒−𝑏𝑏𝑡𝑡) + 𝐶𝐶, and t½ was calculated as ln(2)
𝑏𝑏

.  

Quantification of donor photobleaching kinetic  

To quantify the kinetics of donor (CTL) photobleaching in the bleaching stacks acquired in the UV 

channel, the cells were first segmented from the background. This was done by creating a binary mask, with 

thresholding, from the first image in the bleaching stack. The binary image was then ‘opened’ and pixels with 

the value of 0 within the cell region were blurred away by a gaussian filter (σ=2), and the values were again 

set to 0 and 1. Each mask was multiplied with their corresponding bleaching mask and the mean gray values 

were extracted and further processed in Excel (Fig. S5). In Excel, the fluorescent decays were fitted to the 

mono-exponential function 𝑓𝑓(𝑡𝑡) = 𝑎𝑎 ⋅ 𝑒𝑒−𝑏𝑏𝑡𝑡 + 𝐶𝐶 and the t½ was calculated as ln(2)
𝑏𝑏

 for each bleaching stack. 

The FRET efficiency (E) was estimated as 𝐹𝐹 = 1 − 𝑡𝑡½𝐷𝐷
𝑡𝑡½𝐷𝐷𝐷𝐷

 [160], in which t½D and t½DA denote the bleaching 

halftime for the donor in the absence and presence of the acceptor respectively.          

Pixel-based FRET analysis       

The free available plugin for ImageJ PixBleach [154] was used to analyze the donor photobleaching 

in a pixel-based manner. Each pixel was fitted to the stretch-exponential function: 

𝑀𝑀𝑠𝑠𝑡𝑡(𝑡𝑡) = 𝐼𝐼0 ⋅ 𝑒𝑒
−(𝑡𝑡 
𝜏𝜏) 

1
ℎ + 𝐼𝐼∞ 

in which I0 is the pre-bleach intensity, τ the time constant, h the heterogeneity parameter, and I∞ the remaining 

intensity at infinity time. The software was set to only perform regression of pixels that had a minimum decay 

of 10. Before the PixBleach analysis, one single cell from each bleach stack was cut into new 16-bit, 512x512 

pixel, 100 frame stacks. The FRET efficiency was estimated as  𝐹𝐹 = 1 − 𝜏𝜏𝐷𝐷
𝜏𝜏𝐷𝐷𝐷𝐷

 in which τD and τDA denote the 

bleaching time constants for the donor in the absence and presence of the acceptor respectively.  
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Chapter 4 – Final remarks and thoughts   
 

To maintain cholesterol homeostasis, which is essential for health, correct subcellular cholesterol traf-

ficking is crucial. A deeper understanding of the transport mechanisms could open new doors for drug devel-

opment against diseases in which aberrant cholesterol trafficking is an underlying cause. However, as so often 

visualized through the microscope, the cell is not just black and white but highly complex and filled with 

‘backup’ systems. For example, we showed in publication I, that cells are still able to efflux DHE despite 

lacking functional NPC2, here different pathways, involving other proteins, must try to compensate. Although, 

the increased pressure on other efflux routes in diseases might add insult to injury, such as the buildup of 

cholesterol in the outer mitochondrial membrane of NPC1-deficient cells [84, 138]. The cellular pathology of 

NPC disease is complicated and not yet fully understood [187]. As described in the introduction, many addi-

tional factors, apart from the lysosomal accumulation of cholesterol and other lipids, appear to be affected in 

the disease, including aberrant lysosomal Ca2+ [94-96]. It can be speculated that aberrant LE/LYSs-ER com-

munication in NPC disease might affect the lysosomal Ca2+ refilling, or perhaps the accumulation of lipids 

impairs the Ca2+ storing capacity of LE/LYSs, and thus the TFEB regulation. The analysis workflow presented 

in publication II would be an excellent tool to examine potentially altered interactions between LE/LYSs and 

the ER. Together with reconstituted fluorescent LDL, presented in chapter 3, the likely sterol transfer across 

MCSs could be studied. Moreover, to further examine the sterol origin of extracellular vesicles, as those re-

ported in publication I, reconstitution of LDL with fluorescent cholesterol analogs would be an important tool.    

 

Together, the work presented in this PhD dissertation provides new aspects to understanding both 

intracellular cholesterol trafficking and efflux mechanisms. The several newly developed tools and protocols 

will contribute to the continuing research work of understanding how cells handle cholesterol in health and 

disease.      

 

 

 

 

 

______________________________ 

Alice Dupont Juhl 
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Microscopic examination of intracellular LDL-derived cholesterol routes  
– Supplemental material 

 

 

Figure S1 - Chemical 
structures. Cholesterol, 
CTL and DBD-FA are in-
cluded for camparison. 
Chol: cholesterol, CTL: 
cholestatrienol,  
DBD:[1,3]dioxolo[4,5-
f][1,3]benzodixole, FA: 
fatty acid (C10:0, Deca-
noic acid). 
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Figure S2 - Quan-
tification of LDL-
CTL intensity. 
Workflow illustrat-
ing how the mean 
LDL-CTL intensity 
was found in 
LE/LYSs and the 
‘PM’. See text for 
more details. 
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Figure S3 - Emis-
sion spectra of 
CTL and CTL-
DBD. Emission 
spectra of CTL and 
CTL-DBD were 
measured in CHCl3 
on the spectrofluo-
rometer. The cor-
rected intensity was 
calculated by sub-
tracting the spectra 
of pure chloroform. 
 A), B) Red and blue 
y-axis describe the 
corrected intensity 
of CTL-DBD and 
CTL respectively. 
C) Corrected inten-
sity of CTL and 
CTL-DBD used to 
calculate the FRET 
efficiency in D.  D) 
Table of emission 
intensities of CTL-
DBD and CTL at 
375 nm at different 
concentration and 
the corresponding 
FRET efficiencies. 
FRET efficiencies 
(E) were determined 
based on donor 
quenching in the 
presence (FDA) and 
absence (FD) of ac-
ceptor at the peak 
emission (375 nm) 
upon excitation with 
328 nm:  

𝐹𝐹 = 1 −
𝐹𝐹𝐷𝐷𝐷𝐷
𝐹𝐹𝐷𝐷

 

(The spectra were 
acquired by labora-
tory technician Ma-
ria Szomek.) 
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Figure S4 - FRET 
control. Fibroblasts 
were starved from 
lipoproteins over-
night in LPDS me-
dium supplemented 
with 10 µM mevas-
tatin. The following 
day, 0.1 mg/mL 
LDL-CTL-DBD or 
LDL-chol-DBD was 
added to the cells 
and loaded over-
night. Rh-dex was 
present during the 
incubation with 
LDL-CTL-DBD. 
The negative control 
was treated as the 
other samples but 
without labeling. 
The subsequent day, 
the cells were 
washed with PBS 
before imaging in 
M1 medium. A) 
Representative im-
ages, of images 
taken in the UV, 
FRET, and green 
channels. Images are 
equally scaled for 
each channel. Scale-
bar 20 µm. A’) His-
tograms of the im-
ages acquired in the 
green channel. B) 
Emission spectra of 
0.1 mg/mL LDL-
CTL-DBD, 0.1 
mg/mL LDL-chol-
DBD and 0.2 mg/mL 
LDL, excited with 
328 nm and 430 nm.     
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Figure S5 - Measuring donor photobleaching. Workflow illustrating how the decreasing mean LDL-CTL intensity 
was segmented and further analyzed in Microsoft Excel. See the text for more details.  
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Figure S6 - Evaluation of the ‘goodness of fit’. Fibroblasts were starved from lipoproteins overnight in LPDS me-
dium supplemented with 10 µM mevastatin. The following day, 0.1 mg/mL LDL-CTL-DBD or LDL-CTL was added 
to the cells together with rh-dex, and the cells were incubated overnight. The subsequent day, the cells were washed 
with PBS before imaging in M1 medium. Bleaching stacks of 100 frames were acquired in the donor (UV) channel. 
Individual cells were cut out and analyzed with PixBleach. A, B) The mono- and stretch-exponential equations used 
in PixBleach respectively. C, D) RMSE and Chi-square values for the pixelwise mono-exponential and stretch-expo-
nential fit done in PixBleach, and the corresponding histograms. E, F, G) I0, I∞, and τ for each fit. H) The heterogeneity 
parameter, h, found from the stretch-exponential fit. 
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Figure S7 - Representative histograms from PixBleach analysis. Fibroblasts were starved from lipoproteins over-
night in LPDS medium supplemented with 10 µM mevastatin. The following day, 0.1 mg/mL LDL-CTL-DBD or 
LDL-CTL was added to the cells, and the cells were incubated overnight. Representative histograms from one cell 
loaded with LDL-CTL-DBD (red) or LDL-CTL (blue). The histograms show the results from fitting the bleaching 

kinetics in each pixel to the stretch-exponential function:  𝑀𝑀𝑠𝑠𝑡𝑡(𝑡𝑡) = 𝐼𝐼0 ⋅ 𝑒𝑒
−(𝑡𝑡 

𝜏𝜏) 
1
ℎ + 𝐼𝐼∞ 

I0 being the intensity in the first frame (A), I∞ the remaining intensity at infinitive time (B), τ the decay time constant 
(C), and h the heterogeneity stretch factor (D). N= 2 microscope dishes for each condition with 8-12 cell in each.    
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Figure S8 - Pixel-based 
FRET analysis. Fibroblasts 
were starved from lipopro-
teins overnight in LPDS me-
dium supplemented with 10 
µM mevastatin. The follow-
ing day, 0.1 mg/mL LDL-
CTL-DBD or LDL-CTL was 
added to the cells together 
with rh-dex, and the cells 
were incubated overnight. 
250 nm conA was added to 
one dish 1.5 h before the ad-
dition of LDL-CTL-DBD. 
The subsequent day, the cells 
were washed with PBS be-
fore imaging in M1 medium. 
Bleaching stacks of 100 
frames were acquired in the 
donor (UV) channel. Single 
cells were cut out and copied 
to a new stack before 
PixBleach analysis. The top 
row shows the background 
corrected donor (UV) signal 
before the bleaching stack 
was acquired. The following 
rows show the results from 
fitting the bleaching kinetics 
in each pixel to the stretch-
exponential function:  

𝑀𝑀𝑠𝑠𝑡𝑡(𝑡𝑡) = 𝐼𝐼0 ⋅ 𝑒𝑒
−(𝑡𝑡 
𝜏𝜏) 

1
ℎ + 𝐼𝐼∞ 

 
I0 is the intensity in the first 
frame, I∞ the remaining in-
tensity at infinitive time, h 
the heterogeneity stretch fac-
tor, and τ the decay time con-
stant. 
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