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Abstract

The development of cellular life on earth is coupled to the formation of lipid-based

biological membranes. Although many tools to analyze their biophysical proper-

ties already exist, their variety and number is still relatively small compared to the

�eld of protein studies. One reason for this, is their small size and complex as-

sembly into an asymmetric tightly packed lipid bilayer showing characteristics of a

two-dimensional heterogenous �uid. Since membranes are capable to form dynamic,

nanoscopic domains, enriched in sphingolipids and cholesterol, their detailed inves-

tigation is limited to techniques which access information below the di�raction limit

of light.

In this work, I aimed to extend, optimize and compare three di�erent labeling ap-

proaches for sphingolipids and their subsequent analysis by the single-molecule lo-

calization microscopy (SMLM) technique direct stochastic optical reconstruction mi-

croscopy (dSTORM). First, I applied classical immuno�uorescence by immunoglobulin

G (IgG) antibody labeling to detect and quantify sphingolipid nanodomains in

the plasma membrane of eukaryotic cells. I was able to identify and characterize

ceramide-rich platforms (CRPs) with a size of ≈ 75nm on the basal and apical

membrane of di�erent cell lines.

Next, I used click-chemistry to characterize sphingolipid analogs in living and �xed

cells. By using a combination of �uorescence microscopy and anisotropy experi-

ments, I analyzed their accessibility and con�guration in the plasma membrane,

respectively. Azide-modi�ed, short fatty acid side chains, were accessible to mem-

brane impermeable dyes and localized outside the hydrophobic membrane core. In

contrast, azide moieties at the end of longer fatty acid side chains were less accessible

and conjugated dyes localized deeper within the plasma membrane. By introducing

photo-crosslinkable diazirine groups or chemically addressable amine groups, I de-

veloped methods to improve their immobilization required for dSTORM.

Finally, I harnessed the speci�c binding characteristics of non-toxic shiga toxin B

subunits (STxBs) and cholera toxin B subunits (CTxBs) to label and quantify gly-

cosphingolipid nanodomains in the context of Neisseria meningitidis infection. Un-

der pyhsiological conditions, these glycosphingolipids were distributed homogenously

in the plasma membrane but upon bacterial infection CTxB detectable gangliosides

accumulated around invasive Neisseria meningitidis. I was able to highlight the im-

portance of cell cycle dependent glycosphingolipid expression for the invasion pro-

cess. Blocking membrane accessible sugar headgroups by pretreatment with CTxB

signi�cantly reduced the number of invasive bacteria which con�rmed the impor-

tance of gangliosides for bacterial uptake into cells.
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Based on my results, it can be concluded that labeling of sphingolipids should be

carefully optimized depending on the research question and applied microscopy tech-

nique. In particular, I was able to develop new tools and protocols which enable

the characterization of sphingolipid nanodomains by dSTORM for all three labeling

approaches.
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Zusammenfassung

Die Entwicklung von zellulären Lebensformen auf der Erde basiert auf der Entste-

hung biologischer Lipid-Membranen. Obwohl viele Techniken zur Verfügung stehen,

welche es erlauben deren biophysikalische Eigenschaften zu untersuchen, sind die

Möglichkeiten, verglichen mit der Analyse von Proteinen, eher eingeschränkt. Ein

Grund hierfür, ist die geringe Gröÿe von Lipiden und deren komplexe Zusammen-

lagerung in eine asymmetrische dicht gepackte Lipiddoppelschicht, welche sich wie

eine heterogene zweidimensionale Flüssigkeit verhält. Durch die lokale Anreicherung

von Sphingolipiden und Cholesterol sind Membranen in der Lage dynamische, nano-

skopische Domänen auszubilden, welche lediglich mit Techniken, welche die optische

Au�ösungsgrenze umgehen, detailliert untersucht werden können.

Ein wesentliches Ziel meiner Arbeit war es, drei Färbeverfahren für Sphingolipide

zu vergleichen, erweitern und optimieren, um eine anschliessende Untersuchung mit

Hilfe der einzelmolekülsensitiven Technik dSTORM (direct stochastic optical recon-

struction microscopy) zu ermöglichen. Zunächst verwendete ich das klassische Färbe-

verfahren der Immun�uoreszenz, um Sphingolipid-Nanodomänen auf eukaryotischen

Zellen mit Hilfe von Farbsto�-gekoppelten Antikörpern zu detektieren und quanti�-

zieren. Dieses Vorgehen ermöglichte es mir, Ceramid-angereicherte Plattformen mit

einer Gröÿe von ≈ 75nm auf der basalen und apikalen Membran verschiedener Zell-

Linien zu identi�zieren und charakterisieren.

Als nächstes Verfahren verwendete ich die Klick-Chemie, um Sphingolipid-Analoge

in lebenden und �xierten Zellen zu untersuchen. Eine Kombination aus Fluoreszenz-

Mikroskopie und Anisotropie-Messungen erlaubte es mir Rückschlüsse über deren

Zugänglichkeit und Kon�guration innerhalb der Plasmamembran zu ziehen. Hierbei

lokalisierten Azid-Gruppen am Ende kurzkettiger Fettsäurereste auÿerhalb des hy-

drophoben Membrankerns, wodurch sie mittels membran-undurchlässige Farbsto�e

angeklickt werden konnten. Im Gegensatz dazu, waren Azide an längeren Fettsäure-

resten weniger zugänglich und konjugierte Farbsto�e tauchten tiefer in die Plasma-

membran ein. Durch die Einführung photoreaktiver Diazirin-Gruppen oder chemisch

modi�zierbarer Amin-Gruppen wurden Wege gescha�en, welche eine Immobilisie-

rung und anschlieÿende Analyse mit Hilfe von dSTORM ermöglichen.

Schlieÿlich nutzte ich das spezi�sche Bindeverhalten der nicht toxischen B Unter-

einheiten von Shiga- (STxB) und Cholera-Toxin (CTxB) aus, um Glycosphingoli-

pid Nanodomänen im Kontext einer Neisseria meningitidis Infektion zu untersu-

chen. Unter physiologischen Bedingungen waren diese homogen in der Plasmamem-

bran verteilt, jedoch reicherten sich CTxB-detektierbare Ganglioside um eindrin-

gende Bakterien an. Darüber hinaus konnte ich einen Zusammenhang zwischen der

zellzyklusabhängigen Expression von Glycosphingolipiden und dem Eindringen der

Bakterien herstellen. Eine Absättigung der Zucker an der äuÿeren Membran durch
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CTxB-Vorbehandlung reduzierte die Anzahl von invasiven Bakterien signi�kant und

bestätigte die Schlüsselrolle von Gangliosiden bei der Aufnahme von Bakterien.

Meine Ergebnisse legen Nahe, dass das Färbeverfahren für Sphingolipide an die

jeweilige Fragestellung und Mikroskopietechnik angepasst werden sollte. Im Rahmen

dieser Arbeit konnten neue Werkzeuge und Protokolle gescha�en werden, die die

Charakterisierung von Sphingolipid-Nanodomänen mittels dSTORM für alle drei

Färbeverfahren ermöglichen.
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1 INTRODUCTION

1 Introduction

1.1 Cell and Plasma Membrane Organization

The cell represents the essential and minimal unit of life on earth and is characterized

by the highly coordinated arrangement of molecules into a micrometer sized entity. It

was �rst discovered and named by Robert Hooke in his work �Micrographia, or, Some

physiological descriptions of minute bodies made by magnifying glasses: With observations

and inquiries thereupon� published in 1665 [1]. The porous, honeycomb-like structures

he initially investigated under the microscope were actually dead plant cell walls from

cork which are quite di�erent to living cells. Several years later in 1674, the Dutch scien-

tist and co-inventor of the light microscope Antoni van Leeuwenhoek described the algae

Spirogyra and saw bacteria and sperm cells. Nevertheless, it took more than 150 years

until Matthias Jakob Schleiden and Theodor Schwann layed the cornerstone of modern

cell theory in 1838. They proposed, that all living organisms are composed of one or more

cells and that the cell is the most basic unit of life. However, their third assumption of

free cell formation through crystallization was wrong and could be corrected in the 1850s

by Robert Remak, Rudolf Virchow and Albert Kolliker. Since then, the tenet Omnis

cellula e cellula which means all cells arise only from pre-existing cells is a fundamental

part of modern cell theory. In the following years Moritz Traube formulated the concept

of a semi-permeable membrane surrounding every living cell, although it was not clear

which material it represented.

The lipid nature of the plasma membrane was �rst postulated by Georg Quincke, who

mentioned in 1888 that a cell behaves as oil when broken in half and described it as a �uid

layer of fat less than 100 nm thin [2, 3]. The discovery of Hans Horst Meyer and Ernest

Overton that anesthetics can only cross the membrane which are soluble in both, oil and

water, supported the concept of a lipid membrane. Moreover, they concluded it might

consist of phopshatidylcholine (PC) and cholesterol which turned out to be in principle

true. The �nal evidence of a plasma membrane with distinct biophysical properties went

hand in hand with the development of microinjection [4], electrophysiological [5, 6] and

electron microscopy techniques [7, 8]. In 1925, Gorter and Grendel measured the total

surface area from extracted erythrocyte lipids at the air water interface and inferred a

ratio of 2:1 between monolayer area and cell surface area. They reasoned that �[i]t is clear

that all our results �t in well with the supposition that the chromocytes are covered by a

layer of fatty substances that is two molecules thick�[9] and were among the �rst scientists

to present conclusive data of the lipid bilayer nature.

With the discovery and description of the nucleus in 1833 by Robert Brown, scientists

started to realize that cells contain individual compartments with distinct underlying

1



1 INTRODUCTION

functions. The following section 1.1.1 will give an overview about the consequences and

importance of cellular compartmentalization through lipid membranes.

1.1.1 Cellular Compartmentalization

Hallmark of the cell is the separation into di�erent organelles and compartments which

allow to pursue its manifold tasks under appopriate reaction conditions (see Figure 1).

Figure 1: Scheme of a model eukaryotic cell. The plasma membrane (gray) separates the extra-
cellular environment from the intracellular cytosol and consists of a tightly packed lipid bilayer.
Transmembrane proteins (turquoise) enable signaling and transport through the membrane and
allow to respond to environmental changes. The cell nucleus (dark blue) contains the genetic
information as deoxyribonucleid acid (DNA) and molecule im- and export is mediated by nuclear
pore complexes (NPCs) located within the nuclear envelope. Lipid de novo synthesis occurs at
the endoplasmic reticulum (ER) (pink) and maturation of proteins and lipids is performed by
the Golgi apparatus (blue). This model is not drawn to scale and not complete. Created with
ChemDraw Professional [10]

The outermost boundary is represented by the plasma membrane, consisting of an inner

and outer lea�et of tightly packed lipids, to allow semipermeable transport between the

extracellular environment into the intracellular cytosol and vice versa. Manifold trans-

membrane proteins located within the plasma membrane catalyze the transport of other-

wise membrane impermeable molecules and transfer signals between the extracellular and

intracellular space. The most prominent structure within an eukaryotic cell is probably
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1 INTRODUCTION

the nucleus which harbors the genetic information in the form of DNA packed as chro-

matin forming individual chromosomes. DNA is transcribed into ribonucleic acid (RNA)

by RNA polymerases and mature messenger RNA (mRNA) transported through NPCs

into the cytosol of the cell. Subsequently, translation of mRNAs into proteins occurs at

free ribosomes or ER residing ribosomes with the help of transfer RNAs (tRNAs). Of

note, the ER constitutes approximately half of the total cell membrane area and is the

major site for lipid and transmembrane protein synthesis. Although simpli�ed in Figure 1,

it establishes contact with almost every other organelle in the cell to sense its lipid compo-

sition and to react towards imbalances. Moreover, it serves as important calcium (Ca2+)

storage and ER dysfunction can be correlated with many neurologic disorders. The de-

tailed mechanism of lipid synthesis will be discussed in the following section 1.1.2 on page

5. Many lipids and proteins synthesized at the ER are transported via vesicles to the Golgi

apparatus, an organelle consisting of many disc-like compartments called Golgi cisternae.

Upon arrival, the vesicles fuse with the cis Golgi network (CGN) and the molecules are

processed and �nally released at the trans Golgi network (TGN). Subsequently, some

vesicles will fuse with lysosomes in order to supply them with enzymes required for degra-

dation of proteins and lipids. Continous replenishment of transmembrane proteins within

the plasma membrane is maintained by fusion of another set of Golgi derived vesicles

which are directed from the TGN to the plasma membrane. In addition, the Golgi appa-

ratus assembles sectretory vesicles to secrete important metabolites such as insuline into

the extracellular space.

In contrast to the nuclear membrane, ER membrane, plasma membrane and mitochon-

drial membrane which are all lipid bilayers, the membrane of lipid droplets consists of

a phospholipid monolayer. Lipid droplets were �rst discovered by Richard Altmann in

1890 in liver tissue of the frog Rana esculenta [11] and serve as important cellular en-

ergy stores because they are densely packed with triacylglycerol (TAG) and cholesterol

[12, 13]. They are generated at the ER membrane and assembly is dependent on several

proteins such as seipin and lipid droplet assembly factor 1 (LDAF1) [14]. To maintain

cellular homeostasis a lot of chemical energy is produced in the form of adenosine triphos-

phate (ATP) from mitochondria, also termed the powerhouse of the cell. These double

membrane enclosed organelles are derived from bacteria via endosymbiosis and have their

own circular mitochondrial DNA (mtDNA) coding for only 13 proteins [15]. As in gram-

negative bacteria, the outer membrane is approximately 7 nm thick and contains many

pore forming integral membrane proteins called porins which o�er passive permeability

towards small hydrophilic molecules. In distance of ≈ 20 nm [16] the inner membrane

houses all required proteins for energy production and therefore has an extraordinary

high protein to lipid ratio of 3:1 by weight [17]. In addition, the inner mitochondrial

membrane contains high amounts of the unusual phospholipid cardiolipin (see Figure 2)

which is also abundant in most bacterial membranes. The two phosphates within the

3



1 INTRODUCTION

Figure 2: Chemical structure of the most abundant (18:2-18:2)-(18:2-18:2) cardiolipin molec-
ular species found in animals. Its structure resembles a kind of diphosphatidylglycerol with two
potentially negative charged phosphate headgroups and four alkyl chains. Cardiolipin is essen-
tial component of the inner mitochondrial membrane and bacterial membranes. Structure was
created with ChemDraw Professional [10]

headgroup improve the ability to trap protons and support the process of oxidative phos-

phorylation [18]. Due to the four alkyl chains cardiolipin could theoretically exist in many

di�erent con�gurations but the most abundant molecular species in rat liver and bovine

heart is the symmetrical (18:2-18:2)-(18:2-18:2) species with 18 carbon atoms and 2 dou-

ble bonds per fatty acid chain [19]. The development of autoantibodies against cardiolipin

concomitants the autoimmune disease antiphospholipid antibody syndrome (APLS) [20]

and inappropriate acylation of cardiolipin due to mutations in tafazzin cause infantile

death during Barth syndrome [21]. Moreover, cardiolipin dysfunction is linked to many

clinical relevant diseases such as Parkinson's [22], nonalcoholic fatty liver [23], diabetes

[24], syphilis [25], cancer [26] and Tangier disease [27]. An important additional organelle

found in most multicellular eukaryotic cells, except for fungi and plants, is the centro-

some. It is composed of two rectangular arranged centriols each composed of 9 sets of

triplet microtubules and embedded in an amorphous protein matrix termed pericentriolar

material (PCM). The centrosome serves as microtubule organizing center (MTOC) where

microtubule nucleation begins at γ-tubulin ring complexes and their plus ends extend into

the cytoplasm to perform manifold tasks.
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1 INTRODUCTION

1.1.2 Lipid Synthesis and Composition of Cellular Membranes

As illustrated in Figure 3, sphingolipids, cholesterol and phosphoglycerides represent the

three major lipid types of mammalian cellular membranes. They are predominantly syn-

thesized within the ER membrane via complex synthesis pathways and are mainly held

together via noncovalent interactions to form biological membranes. Since I focused on

the visualization of sphingolipids, the biosynthetic pathways of cholesterol and phospho-

glycerides will be only brie�y discussed.

Figure 3: Example chemical structures of the major lipid classes found in eukaryotic mem-
branes. (A) Example chemical structure of 18:1/16:0 sphingomyelin. (B) Example structure of
the sterol cholesterol. (C) Example structure of PC. Structures were drawn with ChemDraw

Professional [10]

Cholesterol is probably the best-known lipid for its disadvantageous participation in hu-

man cardiovascular diseases and often attributed with negative properties. But the mere

reduction of this sterol to a harmful molecule is in con�ict with its important role in

the evolution of multicellular organisms. Sterol-based molecules play an essential role in

eukaryotic organisms and have evolved to a repertoire of similiar molecules with minor

changes. For example, fungi synthesize ergosterol and plants a variety of phytosterols,

which di�er mostly in the number of double bonds and the number of carbons on the side

chain. In the plasma mebrane of human erythrocytes an average cholesterol content of

≈ 30 − 40mol% is found and an approximately equal distribution within both lea�ets is

assumed from simulations [28]. Due to their rigid ring structure they align in the plasma

membrane with their polar hydroxyl group in proximity to the polar headgroups of phos-

phoglycerides and their nonpolar hydrocarbon chain within the hydrophobic membrane

5



1 INTRODUCTION

core. For this reason, cholesterol can �ll up gaps within the bilayer and reinforces the

membrane which reduces overall permeability. Of note, cholesterol is found in distinct

pools which can be investigated by cholesterol binding proteins with varying speci�cities

[29]. When the plasma membrane concentration of cholesterol decreases below a thresh-

old of ≈ 30mol% it is sequestered by sphingomyelin and inaccessible to binding of the

cholesterol binding protein perfringolysin O (PFO) [30]. Above this threshold, free choles-

terol is transported to the ER to inhibit the activity of sterol-regulatory element binding

proteins (SREBPs) which are transcription factors required for cholesterol synthesis and

uptake. Since the overall concentration of cholesterol in the ER is much lower as compared

to the plasma membrane, it is able to sense small cholesterol changes. Below a thresh-

old of ≈ 5mol% SREBPs are transported via coat protein complex II (COPII) coated

vesicles to the Golgi apparatus where transcription factors are released into the cytosol

to enter the nucleus and drive cholesterol-synthesizing genes [31]. The biosynthetic path-

way of cholesterol starts with acetyl coenzyme A (acetyl-CoA) and involves more than 20

enzymes [32]. Despite de novo synthesis, cells can take up cholesterol from the extracellu-

lar environment via low-density lipoprotein (LDL) receptors to ensure continuous supply.

Since lipoproteins are not able to cross the blood-brain barrier, this cholesterol rich or-

gan has to generate all its cholesterol via de novo synthesis. In addition to its structural

function in membrane organization, it is the building block for many important bile acids,

steroid hormones, including estrogens, glucocorticoids and testosterone and oxysterols.

In contrast, phosphoglycerides are synthesized from a three carbon glycerol backbone

whereas esteri�cation of two hydroxy groups with fatty acids produces the hydrophobic

tails extending in the plasma membrane. Typically, one fatty acid tail comprises sev-

eral cis-double bonds (unsaturated) whereas the other tail is saturated and the length

varies between 12 to 26 carbon atoms. An ester bond with the third carbon atom con-

nects a charged phosphate group representing the polar head group of the lipid which is

aligned towards the water �lled extracellular or intracellular environment. As depicted

in Figure 4, structural variations in the polar head group discriminate the main cellu-

lar phosphoglycerides into PC, phosphatidylethanolamine (PE), phosphatidylserine (PS),

phosphatidylglycerol (PG) and phosphatidylinositol (PI). In addition to the great vari-

ability in fatty acid side chain length and degree of saturation a myriad of modi�cations

such as phosphorylations, glcosylations and usage of ether linkages instead of ester linkages

may produce an enormous set of di�erent phosphoglycerides.

6



1 INTRODUCTION

Figure 4: Example chemical structures of the major phosphoglycerides found in eukaryotic mem-
branes. Variations in the polar head group (boxed region) discriminate phosphoglycerides into
PC, PE, PS, PG and PI. Adapted from [32] structures were drawn with ChemDraw Profes-

sional [10]

The third major class of cellular membrane lipids and focus of this thesis are sphingolipids.

These lipids were �rst described by the German biochemist Johann Ludwig Wilhelm Thu-

dichum in his 1884 published book "A treatise on the chemical constitution of the brain:

Based throughout upon original researches" [33]. In contrast to the already known phos-

phoglycerides, Thudichum recognized their di�erent composition and according to their

enigmatic behaviour he named them after the greek mythical creature the Sphinx. Sphin-

golipids are essential part of all eukaryotic cells ranging from fungi and plants to mammals

7



1 INTRODUCTION

but are also rarely present in some bacteria and viruses [34]. In interplay with cholesterol,

sphingolipids are thought to play a decisive role in membrane signaling and tra�cking

through the formation of small, heterogenous and highly dynamic plasma membrane lipid

rafts [35, 36]. Besides their tremendous structural role in plasma membrane subcompart-

mentalization, recent data also shows that sphingolipids can serve as receptor ligands and

second messengers [37]. Like glycerophospholipids they are amphipathic molecules with

hydrophobic hydrocarbon chains and a hydrophilic head group.

Biosynthetic de novo synthesis starts with the condensation of the amino acid L-serine

with acetyl-CoA via serine-palmitoyl transferase (SPT) in the ER (see Figure 5) to form

3-ketosphinganine (3KS). Of note, SPT is also capable to use C14 (myristoyl) and C18

(stearoyl) CoA acyl chains as substrates [38] and the amino acids alanine and glycine

[39, 40] instead of serine. In fact, mutations in the active site of SPT can increase its

speci�city towards alanine which is the underlying pathomechanism of the rare genetic

disease hereditary sensory neuropathy type I (HSAN1) [41] and leads to generation of

neurotoxic 1-deoxysphinganine. Oral administration of L-serine mitigates HSAN1 symp-

toms and reduces the accumulation of deoxysphingolipids in mice and humans [42]. SPT

activity can be inhibited by the non-proteinogenic amino acid myriocin which leads to

total sphingolipid depletion in cells [43] and is a useful tool to investigate the impact

of sphingolipids. Enzymatic catalysis of 3KS by SPT is the �rst and rate-limiting step

of sphingolipid de novo synthesis. The second step in sphingolipid de novo synthesis is

catalyzed by 3-ketosphinganine reductase (KDSR) and results in the reduction of 3KS

to generate sphinganine. Subsequently, one of six di�erent ceramide synthase (CerS)

catalyzes N-acylation of sphinganine with acyl CoA chains of di�erent length to build

dihydroceramide (dhCer). The six human CerS are located on di�erent chromosomes

and are highly speci�c towards the length of the hydrocarbon chain which are attached

to sphinganine[44]. Mammals synthesize sphingolipids with fatty acid side chain lengths

ranging from C14 to C32 which are predominantly saturated [32]. For example, CerS1

speci�cally catalyzes the addition of C18 CoA [45] and CerS5 of C16 CoA acyl chains [46]

to sphinganine. In addition, the enzymatic activity of di�erent CerS may be dependent on

each other and mRNA expression does not correlate per se with the observed sphingolipid

composition of the tissue [47]. For this reason, CerS crosstalk and signaling within the

ER raises many questions which have to be adressed in future studies.

Following dhCer generation, dihydroceramide desaturase (DEGS) introduces a conserved

and characteristic 4,5-trans double bond to generate ceramide which is released at the

ER mebrane. A recent study could show, that inhibition of DEGS and downstream gen-

eration of dihydro sphingolipids resolves hepatic steatosis and insulin resistance in adult

mice [48] although embryonal ablation of DEGS is lethal [49]. Thus, under physiological

condition, most cellular sphingolipids exhibit this conserved double bond but a minor set

8



1 INTRODUCTION

gives rise to complex dihydrosphingolipids with non-overlapping function and di�erent

biophysical characteristics [50].

After synthesis of ceramides on the cytosolic ER surface, generation of more complex sph-

ingolipids by head group modi�cations is initiated. Indeed, most mammalian ceramides

are converted to sphingomyelin (SM) by sphingomyelin synthase (SMS) at the inner lea�et

of the Golgi apparatus [51]. How unmodi�ed ceramides are transported from the ER to

the Golgi apparatus was of great interest and di�erent mechanism were discussed. Surpris-

ingly, it turned out, that SM is almost exclusively generated from ceramides transported

by ceramide transport protein (CERT) [52] in a non-vesicular fashion from the ER to

the Golgi apparatus. CERT consists of di�erent domains required for e�cient and di-

rected ceramide transport. An N-terminal pleckstrin homology (PH) domain facilitates

attachment with phosphatidylinositol-4-phosphate (PI-4P) localized at the trans Golgi

apparatus. At the C-terminal side, a steroidogenic acute regulatory protein-related lipid

transfer (START) domain serves as amphiphilic cavity which buries one (dihydro)ceramide

molecule with fatty acid length C14 to C20. Due to the limited space within the hydropho-

bic part of the cavity, (dihydro)ceramides with longer chains cannot be transported [53].

In addition, a two phenylalanines in an acidic tract (FFAT) motif mediates interaction

with two membrane proteins of the ER, vesicle-associated membrane protein-associated

protein (VAP)-A and VAP-B which is required to tether CERT at the cytosolic surface of

the ER. Finally, ceramide is released at the Golgi apparatus and SM is formed by SMS

through transfer of the phosphorylcholine head group from PC to ceramide. The product

diacylglycerol (DAG) serves as important second messenger and is involved in diverse

cellular processes [54, 55]. In addition to non-vesicular transport, vesicular transport of

ceramides [56] and transport at organelle membrane contact sites [57] play important roles

to ensure proper sphingolipid distribution in the cell.

Depending on the linkage and type of sugars attached at the head group, glycosphin-

golipids are categorized into the globo-, isoglobo-, lacto-, neolacto- and ganglio-series.

The complexity and plethora of enzymes gives rise to tens of thousands di�erent pos-

sible subspecies [58] which play major roles in the di�erent human blood group sys-

tems [59]. In addition, dysfunction of enzymes relevant for degradation of sphingolipids

lead to complex human diseases, the lysosomal storage disorders or sphingolipidoses

[60]. The two most frequent ones are Morbus Gaucher (Gaucher's disease) and Mor-

bus Fabry (Fabry disease) with impaired lysosomal degradation of glycosylceramides and

globotriaosylceramide (Gb3), respectively.
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Figure 5: Biosynthetic de novo synthesis of sphingolipids is compartmentalized between ER
(olive) and Golgi apparatus (magenta). 1 De novo synthesis of sphingolipids is initiated by
condensation of L-serine with acetyl-CoA through SPT in the ER membrane. 2 Subsequently,
3KS is reduced by KDSR to produce sphinganine. 3 One of six di�erent CerS attaches a fatty
acide with distinct chain length via an amide bond. 4 A characteristic and conserved 4,5-trans
double bond is introduced by DEGS and ceramides are transported to the Golgi apparatus for
complex head group modi�cations. Adapted from [61] structures were drawn with ChemDraw

Professional [10]
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1.2 Tools to Study Membrane Organization

1.2.1 Fluorescence and Super-Resolution Microscopy

As introduced in section 1.1, the discovery and characterization of cellular membranes

went hand in hand with the development of microscopy techniques. In particular, to use

the phenomenon of �uorescence was a milestone for several reasons. Fluorescence was

�rst described by Sir Frederik Herschel who observed a "vivid and beautiful celestial blue

color" in a solution of quinine illuminated with sunlight [62]. Shortly after, Sir George

Stokes investigated this phenomenon in more detail [63] and laid the foundation of the

nowadays well-known Stokes shift which describes the di�erence in absorption and emis-

sion spectrum of a �uorophore. In contrast to its absorption, �uorophores typically emit

�uorescence at longer and thus less energetic wavelengths. The theoretical foundation

for this observation can be visualized by a so called Jablonski diagram. Here, Professor

Alexander Jablonski, known as the father of modern �uorescence spectroscopy, described

and illustrated the processes that occur upon absorption of light. As depicted in Figure

6, following absorption of light (hνA) the �uorophore is excited from the singlet ground

state (S0) to a higher vibrational/rotational level (0, 1, 2) of the �rst (S1) or second (S2)

electronic state. In most instances, rapid internal conversion to the lowest vibrational

level of S1 occurs which is followed by return to an excited vibrational ground state and

emission of �uorescence (hνF ). For this reason, the energy of the emission is usually less,

than that of absorption, explaining the Stokes shift. On the other hand, that process

takes place in the time regime of several nanoseconds, resembling typical �uorescence

lifetime values of �uorophores. In addition, excited �uorophores in S1 can also undergo

intersystem crossing by conversion to the �rst triplet state T1 which can lead to emission

by phosphorescence (hνP ). The phosphorescence causing processes occur on time scales

several orders of magnitude greater than that for �uorescence and are, for example, ex-

ploited by "glow-in-the-dark" toys. As observed by Sir George Stokes and visualized by

Professor Alexander Jablonski, the emission light is red-shifted with respect to absorp-

tion and this discrimination can be advantageously used in �uorescence microscopy. By

�ltering perturbing excitation light from the emission path of a microscope, researchers

are able to visualize the structure of interest at high signal-to-noise ratio (SNR). With

the beginning of the 20th century, companies such as Carl Reichert and Carl Zeiss built

the �rst commercial �uorescence microscopes [64, 65].

Although the advent of �uorescence microscopy represented an important step in un-

derstanding the molecular principles of life, certain limitations hindered the observation

of cellular processes in more detail. In particular, the physical di�raction limit of light
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Intersystem 
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hνA

hνA

hνF hνP

Internal
Conversion

Fluorescence

Phosphorescence

Absorption

Figure 6: Jablonski diagram showing the processes between light absorption and emission and
the involved transitions in energetic and vibrational/rotational states. Absorption of light (hνA)
excites the �uorophre from the singlet ground state (S0) to a higher vibrational/rotational level
(thin lines; 1, 2) of the �rst (S1) or second (S2) electronic state (fat lines). Rapid internal
conversion followed by return to the ground state can result in the emission of �uorescence
(hνF ). Intersystem crossing to the semi-stable triplet state T1 by spin conversion may shift
the �uorophore to a long-lived dark state which is used by some super-resolution microscopy
techniques. Image adapted from Principles of �uorescence spectroscopy [66].

described by Ernst Abbe in 1873 prohibited the visualization of two lines in a grating

closer than a minimum resolvable distance d. The di�raction limit according to Abbe is

depicted in the following equation 1:

d =
λ

2n ∗ sinα
=

λ

2NA
(1)

The equation states, that the minimal resolvable distance d is dependent on the wavelength

of light λ divided by 2 times the refractive index multiplied with the sine of the half-

angular width α of the objective. The denominator can also be described as two times

the numerical aperture (NA) of the objective. A typical value for the NA of modern

immersion objectives is 1.4 which limits the resolution to the wavelength divided by

2.8. According to the heuristic Rayleigh criterion for self-emitting �uorescent objects the

following equation 2 should be applied:

d =
1.22

2
∗ λ

NA
=

0.61λ

NA
(2)

The equation was derived by Rayleigh's assumption, that two point emitters are resolv-

able if their distance is equal or larger than the distance from the central maximum to

the �rst minimum of the airy disc. Of note, several other concepts of de�ning an optical
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resolution limit exist (e.g. Sparrow resolution limit, Dawes' limit), and modern methods

to estimate the resolution rely on Fourier ring correlation [67, 68] or decorrelation analysis

[69]. Speaking in practical terms, it is hard to resolve any structures which are closer than

200 nm apart by conventional wide �eld �uorescence microscopy. Nevertheless, many in-

teresting cellular processes occur at the nanometer scale and were not accessible until the

development of new techniques circumventing the di�raction limit of light.

Considering the formal relationship between wavelength and resolution, it seems obvious,

that improved resolution can be obtained by the use of decreased excitation wavelengths.

Indeed, one of the �rst approaches to resolve structures below 200 nm was the development

of electron microscopy. Here, electron beams with 100 000 times shorter wavelength as

compared to visible light are used as excitation source. The �rst electromagnetic lens was

built in 1926 by Hans Busch and in the following years, Ernst Ruska and Max Knoll de-

veloped the �rst prototype of an electron microscope for which Ernst Ruska was awarded

the physics nobel prize in 1986 [70]. Several di�erent types of electron microscopes were

developed and in particular scanning electron microscopy (SEM) and transmission elec-

tron microscopy (TEM) have the potential to resolve structures below 1Å. For the �rst

time, the lipid double-layer could be observed by eye [71] and correctly interpreted as

bilayer structure by J. David Robertson [72, 73]. Besides the huge increase in resolution,

electron microscopy also has several disadvantages as compared to conventional �uores-

cence microscopy. In particular, electron microscopy has to be performed under high

vacuum to prohibit scattering of the electron beams with air molecules and such require

elaborate sample �xation protocols. Moreover, contrast is represented by di�erences in

electron densities within the image plane which are generated by the use of heavy metals

such as uranium and lead and additional �xation with osmium tetroxide. By using solely

electron microscopy, it is hard to visualize a protein or lipid of interest and di�erentiate

it from the other present molecules in the sample.

Here, �uorescence microscopy is at an advantage due to many available di�erent labeling

techniques which are highly speci�c for the molecule of interest. One of the major break-

throughs in the life sciences was the development of �uorescence microscopy techniques

that o�er resolution below the di�raction limit of light. The �rst demonstration of resolv-

ing structures below the di�raction limit of light in the far �eld, goes back into 1966 [74]

by using structured light. Nevertheless, it was the concept of detecting and separating

single molecule emission patterns [75�77] which revolutionized the �eld and led to the

development of single-molecule localization microscopy (SMLM) techniques. In SMLM,

the emission patterns of single molecules are separated and detected over time which en-

ables the reconstruction of a super-resolved image with typical resolution of ≈ 20 nm, but

at the expense of longer acquisition times and the need for sophisticated reconstruction

algorithms. In principle, two di�erent types of SMLM exist which di�er in the type of �u-
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orophores and switching mechanisms used. One type relies on the use of photoactivatable

�uorescent proteins, termed photoactivated localization microscopy (PALM) [78, 79], and

is linked to the discovery [80] cloning [81] characterization [82] and modi�cation [83] of

green �uorescent protein (GFP). On the other hand, synthetic organic �uorophores are

used in direct stochastic optical reconstruction microscopy (dSTORM) [84] and STORM

[85].

In addition, deterministic methods such as stimulated emission depletion (STED) [86, 87]

and structured illumination microscopy (SIM) [88, 89] also have the potential to circum-

vent the di�raction limit of light. STED is an adaption of confocal laser scanning mi-

croscopy (CLSM) where in addition to the excitation beam an overlaying doughnut shaped

depletion beam is used to narrow the emission area via stimulated emission. Twofold lat-

eral improvement beyond the resolution limit can be achieved by SIM which relies on the

use of structured illumination in a wide �eld �uorescence microscope and reconstruction

of an image with increased spatial resolution.

The constant improvement of microscopic techniques and sample preparation tools to

circumvent Abbe's di�raction limit of light also required the development of new labeling

techniques. Classical immuno�uorescence relies on the use of antibody labeling which

was introduced in 1942 by Coons et al. [90]. The size of an immunoglobulin G (IgG)

antibody is between 10-15 nm and classical immuno�uorescence displaces the �uorophores

from the target of interest which may lead to erroneous images if the resolution is good

enough. For example, microtubules have an actual diameter of 25 nm but labeling with

primary and secondary antibodies causes a displacement of 10 nm on either side and they

appear as 45 nm thick structures when visualized by SMLM [91]. In contrast, GFP and its

derivatives are much smaller (see Figure 7) and have the dimensions of a cylinder 4.2 nm

long and 2.4 nm in diameter [82]. Moreover, genetic encoding has the advantage of a strict

1:1 stoichiometry which may facilitate quanti�cation of target molecules. However, often

probes carrying organic �uorophores are preferred due to their increased brightness and

photostability.
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Figure 7: Scheme showing the crystal structures of GFP bound to a nanobody (6LR7)[92] in
contrast to a full length IgG (1IGT)[93].

In order to decrease the labeling size, it is possible to purify only the antigen-binding

fragments (F(ab)2) or its monovalent part (Fab) by cleavage of IgGs with the enzyme

pepsin or papain, respectively. Single-domain antibodies, also termed nanobodies, consist

of a single monomeric variable antibody domain derived from "heavy chain only anti-

bodies" found in camelids or cartilaginous �shes. With a size of approximately 3 nm

they are one of the smallest probes available for targeting endogenous epitopes and have

broad applications in biotechnology and therapeutics. Unfortunately, many labeling tech-

niques available for proteins are not well suited for the detetction of lipids because of

their di�erent biosynthetic pathway and biophysical properties. The next section 1.2.2

will give an overview of a technique convenient for studying exogenously added lipids,

termed bioorthogonal click-chemistry.
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1.2.2 Bioorthogonal Click-Chemistry

Due to their small size and amphiphilic character, labeling of lipids poses a special chal-

lenge. In 2003, the concept of bioorthogonal labeling was introduced by Carolyn R.

Bertozzi and her team [94] which implies the following characteristics. The exogenously

introduced reaction partners should exclusively react with each other under physiological

condition and not perturb cellular homeostasis. In addition, the size of the reactive groups

should be small in order to decrease any perturbations of the biological function of the

molecules. The following Figure 8 depicts three common bioorthogonal click-chemistry

reactions:

Figure 8: Overview of three common click-chemistry reactions and characteristic rate constants.
Green circle represents a biomolecule of interest and magenta star any functional moiety, for
example a �uorophore, although the reactive groups are interchangeable with each other. Note
the ring strain of dibenzocyclooctin (DBCO) and trans-cyclooctene (TCO) which increases the
reaction kinetics. Scheme was adapted from [95] and drawn with ChemDraw Professional [10]

In this work, mostly strain-promoted azide-alkyne cycloaddition (SPAAC) was used as

bioorthogonal click-chemistry reaction because the azide group is one of the smallest

reactive groups available for click-chemistry. In contrast to copper-catalyzed azide-alkyne

cycloaddition (CuAAC), SPAAC is appropriate for live-cell labeling and rate constants

are reasonable when DBCO is used as reaction partner [96, 97]. Of note, SPAAC and
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strain-promoted inverse electron-demand Diels-Alder cycloaddition (SPIEDAC) can be

applied simultaneously for multitarget imaging [97].
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1.2.3 Optogenetics

One of the most powerful techniques to control and manipulate membrane properties

with high spatial and temporal resolution is optogenetics. According to Ernst Bamberg,

optogenetics can be de�ned as "[...] the use of genetically encoded light-activated proteins

for manipulation of cells in an almost noninvasive way by light" [98]. As depicted in Figure

9, the history and development of optogenetic tools is closely linked to the characterization

of rhodopsins.

1971
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2005

2010

2012

2014

2015

D. Oesterhelt & W. 
Stoeckenius

Discovery of the proton
pump Bacteriorhodopsin

from the archeon
Halobacterium salinarum

B. Schobert & J. K. Lanyi

Discovery of the light-driven 
inward chloride pump 

Halorhodopsin

R. A. Bogomolni & J. L.
Spudich

Discovery of the first
microbial sensory rhodopsin

G. Nagel et al.

Discovery of the light-
gated cation channel 
Channelrhodopsin-2

Halobacterium salinarum

Chlamydomonas reinhardtii

E. S. Boyden et al.

Optical control of 
neural activity

B. Y. Chow et al.

Optical neural 
silencing by light-

driven proton pumps

H. E. Kato et al.

Crystal structure
of ChR-2

E. G. Govorunova
et al.

Discovery of
light-gated

anion channels

J. Wietek et al. 
& A. Berndt et al.

Conversion of 
channelrhodopsin into a 
light-activated chloride 

channel

Figure 9: Schematic representation of important discoveries in rhodopsin-based optogenetics
until 2015. Image taken with permission from [99].

A milestone was certainly the discovery of the ligh-gated cation channel channelrhodopsin-

2 (ChR-2) in 2003 by Nagel et al. [100]. Here, the authors already reasoned that "heterol-

ogous expression of ChR-2 should become a useful tool to manipulate intracellular Ca2+

concentration or membrane potential, especially in mammalian cells" [100]. In the fol-

lowing years, numerous examples con�rmed this hypothesis [101�105] and paved the way

for non-invasive control of neuronal behaviour. The initial discovery and characterization

was awarded with several prizes, most notably the Brain Prize in 2013 [106] and the Shaw

Prize in 2020 [107]. In this thesis, I developed a chimeric tandem protein consisting of

the G protein-coupled receptor (GPCR) CXCR4 (CD184) and the calcium translocating

ChR-2 mutation L132C. Upon stimulation of CXCR4 with its bona �de ligand stromal

cell-derived factor 1 (SDF-1) clathrin-mediated internalization of the tandem protein is

induced. We investigated the capacity of the internalized tandem protein to release Ca2+

from the endolysosomal system by light stimulation.
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2 Material & Methods

2.1 General Labeling Procedure

Although the detailed labeling procedure is described in the respective Materials and

Methods section of each manuscript, I would like to describe a general labeling procedure.

Typically, cells of interest were seeded onto cleaned high precision cover slips or similar

chambered cover glass systems. The glass was cleaned with a solution of 1M KOH for

30minutes and washed thoroughly with sterile ultrapure water and dried under a �ow of

sterile air. Adherent cells were directly seeded onto the glass surface but less adherent cell

lines required an additional coating with 0.01% (w
v
) poly-D-lysine or 0.2% (w

v
) glycine so-

lution. Coating was performed for 30 to 60 minutes at 37 ◦C and followed by an additional

wash step with sterile ultrapure water. Live-cell labeling of cells was usually performed at

4 ◦C and antibodies or dyes diluted in Hank`s Balanced Salt Solution (HBSS) or medium.

Cells were �xed by a combination of 2% (v
v
) formaldehyde and 0.2% (v

v
) glutaraldehyde

diluted in HBSS or medium without fetal calf serum (FCS). Immuno�uorescence of cy-

toskeletal structures was performed according to Small et al. [108] (see Table 1). When

SIM was performed samples were mounted in curing mountant to reduce photobleaching

and to match the refractive index of the coverglass and immersion oil. For single color

dSTORM the structures of interest were labeled with Alexa Fluor 647 or Cy5 and imaging

performed in switching bu�er. The switching bu�er consisted of 100mM cysteamine in

phosphate-bu�ered solution (PBS) with a pH value of 7.7 which was adjusted with KOH.

Cytoskeleton Bu�er:Cytoskeleton Bu�er:Cytoskeleton Bu�er:Cytoskeleton Bu�er:Cytoskeleton Bu�er:Cytoskeleton Bu�er:Cytoskeleton Bu�er:Cytoskeleton Bu�er:Cytoskeleton Bu�er:Cytoskeleton Bu�er:Cytoskeleton Bu�er:Cytoskeleton Bu�er:Cytoskeleton Bu�er:Cytoskeleton Bu�er:Cytoskeleton Bu�er:Cytoskeleton Bu�er:Cytoskeleton Bu�er:

10mM MES (195.24 g
mol

), pH 6.1, 150mM NaCl (58.44 g
mol

), 5mM EGTA (380.35 g
mol

),
5mM MgCl2 (203.3 g

mol
)

Small Bu�er #1:Small Bu�er #1:Small Bu�er #1:Small Bu�er #1:Small Bu�er #1:Small Bu�er #1:Small Bu�er #1:Small Bu�er #1:Small Bu�er #1:Small Bu�er #1:Small Bu�er #1:Small Bu�er #1:Small Bu�er #1:Small Bu�er #1:Small Bu�er #1:Small Bu�er #1:Small Bu�er #1:

0.3% (v
v
) glutaraldehyde and 0.25% (v

v
) Triton X-100 in Cytoskeleton Bu�er (37 ◦C)

Small Bu�er #2:Small Bu�er #2:Small Bu�er #2:Small Bu�er #2:Small Bu�er #2:Small Bu�er #2:Small Bu�er #2:Small Bu�er #2:Small Bu�er #2:Small Bu�er #2:Small Bu�er #2:Small Bu�er #2:Small Bu�er #2:Small Bu�er #2:Small Bu�er #2:Small Bu�er #2:Small Bu�er #2:

2% (v
v
) glutaraldehyde in Cytoskeleton Bu�er (37 ◦C)

1st Wash sample with PBS (1x, 37 ◦C)

2nd Fixation: 1-2min with Small Bu�er #1 (37 ◦C)

3rd Permeabilization: 10min with Small Bu�er #2 (37 ◦C)

4th Background reduction: 7min with 0.1% (w
v
) NaBH4 in PBS (optional)

5th Wash 3x 10min with PBS

6th Labeling: phalloidin (≈ 66nM) in PBS for 24 h at 4 ◦C

7th Wash 3x PBS + 0.05% Tween and immediately measure

Table 1: Bu�ers and protocol for labeling cytoskeletal elements according to Small et al. [108]
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2.2 List of Materials

Reagent Company

Cholera Toxin B subunit Sigma-Aldrich (C9903)

Cytochalasin D Sigma-Aldrich (C8273)

DBCO-amine Sigma-Aldrich (761540)

Hoechst 34580 Sigma-Aldrich (63493)

Myriocin Sigma-Aldrich (M1177)

Methyl-β-cyclodextrin Sigma Aldrich (332615)

Acryloyl-X, SE Thermo Fischer (A20770)

Alexa Fluor 555 NHS-Ester Thermo Fischer (A20009)

Alexa Fluor 488 Phalloidin Thermo Fischer (A12379)

Lipofectamine 2000 Thermo Fischer (11668030)

ProLong Glass Antifade Thermo Fischer (P36980)

FluoroBrite DMEM Thermo Fischer (A1896701)

2-Mercaptoethanol Thermo Fischer (31350010)

F(ab)2 Goat anti-Rabbit IgG (H+L) Sec-

ondary Antibody Qdot 655

Thermo Fischer (Q-11421MP)

ER-Tracker Red Thermo Fischer (E34250)

NucleoBond Xtra Midi EF Macherey-Nagel

DBCO-AF555 Jena Bioscience (CLK-0931-1)

DBCO-PEG4-FL-BDP Jena Bioscience (CLK-040-05)

DBCO-PEG4-5/6-Carboxyrhodamine 110 Jena Bioscience (CLK-A127-1)

DBCO-AF647 Jena Bioscience (CLK-1302-1)

DBCO-Sulfo-Cy5 Jena Bioscience (CLK-A130-1)

DBCO-AF488 Jena Bioscience (CLK-1278-1)

BamHI-HF New England BioLabs (R3136S)

NotI-HF New England BioLabs (R3189S)

Gb3 (Ceramide trihexoside) Biotrend (1067)

GM1-Ganglioside sodium Biosynth Carbosynth (OG03918)

mouse monoclonal MEM-M6/6 CD147 Abcam (ab119114)

mouse monoclonal MEM-M6/6 CD147 Abcam (ab666)

DBCO-PEG3-TCO Conju-Probe (CP-2043-25MG)

HMSiR-NHS MoBiTec (A208-01)

16% paraformaldehyde solution Science Services (E15710)
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3 RESULTS

3 Results

3.1 Optochemokine Tandem for Light-Control of Intracellular

Calcium

Abstract

"An optochemokine tandem was developed to control the release of calcium from endo-

somes into the cytosol by light and to analyze the internalization kinetics of G-protein

coupled receptors (GPCRs) by electrophysiology. A previously constructed rhodopsin

tandem was re-engineered to combine the light-gated Ca2+-permeable cation channel

Channelrhodopsin-2(L132C), CatCh, with the chemokine receptor CXCR4 in a func-

tional tandem protein tCXCR4/CatCh. The GPCR was used as a shuttle protein to

displace CatCh from the plasma membrane into intracellular areas. As shown by patch-

clamp measurements and confocal laser scanning microscopy, heterologously expressed

tCXCR4/CatCh was internalized via the endocytic SDF1/CXCR4 signaling pathway.

The kinetics of internalization could be followed electrophysiologically via the amplitude

of the CatCh signal. The lightinduced release of Ca2+ by tandem endosomes into the

cytosol via CatCh was visualized using the Ca2+-sensitive dyes rhod2 and rhod2-AM

showing an increase of intracellular Ca2+ in response to light." [109]

The following manuscript was published on October 21st, 2016 in PLOS ONE and per-

mission for legal second publication within this thesis was kindly granted from both the

publishers and the co-authors.
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Abstract

An optochemokine tandem was developed to control the release of calcium from endo-

somes into the cytosol by light and to analyze the internalization kinetics of G-protein cou-

pled receptors (GPCRs) by electrophysiology. A previously constructed rhodopsin tandem

was re-engineered to combine the light-gated Ca2+-permeable cation channel Channelrho-

dopsin-2(L132C), CatCh, with the chemokine receptor CXCR4 in a functional tandem pro-

tein tCXCR4/CatCh. The GPCR was used as a shuttle protein to displace CatCh from the

plasma membrane into intracellular areas. As shown by patch-clamp measurements and

confocal laser scanning microscopy, heterologously expressed tCXCR4/CatCh was inter-

nalized via the endocytic SDF1/CXCR4 signaling pathway. The kinetics of internalization

could be followed electrophysiologically via the amplitude of the CatCh signal. The light-

induced release of Ca2+ by tandem endosomes into the cytosol via CatCh was visualized

using the Ca2+-sensitive dyes rhod2 and rhod2-AM showing an increase of intracellular

Ca2+ in response to light.

Introduction

In the last decade, optogenetics emerged as a technique that allows the manipulation of cells by
light in a broad range of topics such as the restoration of vision after retina degeneration [1], T-
cell migration [2], and cell death [3]. Optogenetics has the potential to contribute to or even
substitute traditional drug-based therapies in the future [4]. Recently, optogenetic approaches
for the generation of Ca2+ signals were described, where light-switchable ligands or customized
light-gated Ca2+ channels were used to generate Ca2+ influx through the plasma membrane
upon light activation [5–7], but to date, there is no report on intracellularly acting light-gated
calcium switches.

Ca2+ is a key signal in cell regulation, modulating the activity of a plenitude of sensitive pro-
teins. Ca2+ regulation is involved in many fundamental processes such as egg-fertilization, cell
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cycle, cell-cell contacts, generation of action potentials, motility, hormonal regulation, and pro-
grammed cell death via activation of caspases [8]. Prerequisite for accurate signaling is the
exact buffering of Ca2+ concentrations within the cell. Ca2+ ions entering the cell from the envi-
ronment are either rapidly buffered by Ca2+-binding proteins like calmodulin in the sub-sec-
ond time scale [9] or removed to the extracellular lumen or into intracellular calcium-stores by
membrane bound proteins like Ca2+-ATPases [8]. The steep Ca2+ gradients between the cyto-
sol (100 nM), endosomes (4–40 μM), lysosomes (~500 μM), and the extracellular lumen (~1
mM) allow for the generation of fast, spatially and temporally modulated Ca2+ signals [10].
The non-invasive triggering of this universal signal would enable the manipulation of cell
behavior. In consequence, detailed insights into the physiology of the cell might be obtained.

The microbial rhodopsin Channelrhodopsin-2 (ChR2) [11] is a light-gated, inwardly recti-
fying cation channel from the green alga Chlamydomonas reinhardtii located in the plasma
membrane. In CatCh, a ChR2 mutant, a single amino acid exchange from Leu to Cys in posi-
tion 132 leads to 6-fold increased Ca2+ permeability in comparison to the wild type [12]. As
Ca2+ ions are quickly sequestered or exported into the cell environment, the CatCh-mediated
signal is expected to arise mainly in the direct neighborhood of the plasma membrane. Distinct
light-triggered, intracellular Ca2+ signals would require CatCh to be localized in the membrane
of organelles that provide higher Ca2+ content than the cytosol. In 2011, we described a gene
cassette that, once expressed, combines different rhodopsins in one functional protein thereby
ensuring stoichiometric expression of both membrane proteins [13]. In order to optically trig-
ger Ca2+ signals inside the cell, a tandem combining the light-gated CatCh with a protein pro-
viding distinct intracellular trafficking could be used.

Microbial rhodopsins and G-Protein coupled receptors (GPCRs) are members of the same
protein super-family. Both exhibit a 7-transmembrane domain structure, making them suitable
for the tandem cassette [13]. GPCRs represent the most ubiquitous family of membrane recep-
tors, play a distinct role in cell regulation, and are important drug targets [14]. A subgroup of
GPCRs, the chemokine receptors are activated upon external stimuli by their specific agonists,
the chemokines. The activation is then followed by the internalization of the membrane-bound
receptor protein via clathrin-mediated endocytosis to transfer the signal into the cell. In the
early step of vesicle formation, mediated by the adaptor molecules β-arrestin and clathrin [15],
the lumen contains the extracellular liquid. After internalization endosomes are acidified to
enable ligand displacement, dephosphorylation, and receptor recycling [16], while Ca2+ is
released from the endosome into the cytosol through TRPML channels, members of the tran-
sient receptor potential (TRP) superfamily of ion channels. In early endosomes the Ca2+ con-
centration is already reduced to 3–40 μM in contrast to about 1 mM in the extracellular
environment [10].

The Cxc-motive-chemokine receptor 4 (CXCR4) is an important regulatory protein, of high
medical relevance, and strongly involved in cell migration of cancers with poor prognosis,
metastasis formation, and virulence of the human immunodeficiency virus [17,18]. Once its
endogenous ligand, the stromal derived factor 1 (SDF1), binds to CXCR4, the receptor under-
goes a conformational change. The signal is then transferred to the cytoplasmic heterotrimeric
Gi protein, leading to further downstream signaling cascades [19]. Binding of SDF1 to CXCR4
can be impaired by the antagonist AMD3100 (plerixafor) [20]. After internalization, CXCR4
will either be recycled back into the cell membrane or degraded according to the corresponding
cellular pathway [15]. Recently, a photoactivatable version of CXCR4 was used to control che-
mokine receptor signaling and T-cell migration by light [2].

In the present study we combined CXCR4 with CatCh [12] in one functional tandem pro-
tein (Fig 1) which in the following is referred to as the optochemokine tandem tCXCR4/CatCh.
tCXCR4/CatCh was overexpressed in the hybrid mouse neuroblastoma × rat glioma cell line
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NG108-15 and in the human embryonic kidney cell line HEK293. The function of the light-
gated cation channel and the internalization of the construct via the endocytotic SDF1/CXCR4
signaling pathway were investigated by patch-clamp measurements and confocal laser scan-
ning microscopy (CLSM). To explore the function of tCXCR4/CatCh the Ca2+-sensitive dyes
rhod2 or rhod2-AM were used as reporter for changes of the endosomal or intracellular Ca2+

concentration, respectively.

Materials and Methods

Molecular biology

All constructs and the tandem cassette (Fig 1), which was described in detail before [13], were
cloned into pcDNA3.1(-) plasmids (Invitrogen, Carlsbad, USA) under control of the strong
human cytomegalovirus (CMV) promoter suitable for mammalian cell transfection. hcxcr4
was synthesized (Sloning BioTechnology, Puching, Germany) and introduced into the original
tandem cassette (hvChR1-mKateA-β-hChR2) via BamHI and SacII restriction sites to form
hCXCR4-mKateA-β-hChR2. mKateA (Evrogen-TagFP635) was then replaced by eyfp (SbfI &
SacII). Furthermore, a fluorescent variant of hCXCR4 was produced by introducing the con-
struct into a plasmid containing the eyfp gene. pcDNA3.1(-)-hchr2::eyfp and pcDNA3.1
(-)-catch::eyfp were described in an earlier study [12]. DNA sequences of ChR2 and CXCR4
were adapted to human codon usage, to improve recombinant expression in mammalian cells.
Plasmids were purified using an endotoxin free purification kit (Nucleobond Xtra Midi EF
(Macherey & Nagel, Düren, Germany) or Qiagen Endofree Plasmid Maxi (Qiagen, Hilden,
Germany). For establishment of the stable HEK293 Flp-In™T-Rex™ (Invitrogen, Darmstadt,
Germany) cell lines, the tandem cassette and hcxcr4::eyfpwere cloned into pcDNA5/FRT/TO
using the In-Fusion1 HD Cloning Kit (Clontech, Mountainview, USA). DNA constructs are
available from the corresponding author upon request.

Cell culture and Transfection

NG108-15 cells (fused mouse N18TG2 neuroblastoma and rat C6BU1 glioma) were obtained
from ATCC. HEK293 Flp-In™T-Rex™ was obtained from Invitrogen. Cells were cultured at
37°C and 5% CO2 in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 4500
mg/l glucose, 10% fetal calf serum (FCS), 2 mM L-glutamine, 100 U/ml penicillin, and 100 μg/
ml streptomycin (enriched DMEM). HEK293 Flp-In™T-Rex™ cells were selected using 15 μg/
ml blasticidin and 100 μg/ml zeocin before transfection, whereas after transfection zeocin was
replaced by 100 μg/ml hygromycin. Sub-confluent cultures (70–90% confluency) were pas-
saged twice a week in a ratio of 1:5 to 1:10 and detached either mechanically or by means of
0.05% trypsin in presence of 0.53 mM EDTA (2 min, RT). G1-Subpopulations were excluded
by FACS analysis (S1 Fig). Occurrence of mycoplasms in the cell culture was excluded by fre-
quent PCR-based analysis (LookOut1Mycoplasma PCR Detection Kit, Sigma-Aldrich, Ger-
many) of the growth medium and microscopic control.

For recombinant expression of our constructs, NG108-15 cells were seeded either on glass-
coverslips (diameter 12 mm) in 24-well plates or in 8-well labtek II (Nunc, Wiesbaden, Ger-
many or Sarstedt, Nümbrecht, Germany) coated with 0.01% Poly-D-lysine and transfected at a
cell confluence of 50–80% by means of Lipofectamine1 2000 (Invitrogen, Darmstadt, Ger-
many) in OptiMEM (Invitrogen) medium according to the supplier’s instructions. After a min-
imum incubation period of 5 h, the medium was exchanged with enriched DMEM including
1 μM all-trans retinal (atr). Appropriate protein expression was achieved after 12 to 24 hours.

For generation of stable HEK293 Flp-In™T-Rex™ cell lines of CXCR4::YFP and the tandem
construct, cells were transfected using effectene (Qiagen, Hilden, Germany) with the respective
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Fig 1. Structure and function of the optochemokine tandem tCXCR4/CatCh. This optophysiological tool

combines two features in one functional unit, the internalization after the binding of stromal cell-derived factor

1 (SDF1) and the light-gated influx of cations, including Ca2+, via CatCh upon illumination. a. The

CXCR4-protein was placed at the N-terminus, followed C-terminally by eYFP and the β-subunit of the rat

HK-ATPase, to combine the intracellular C-terminus of eYFP with the extracellular N-terminus of ChR2 (aa

1–309). b. Schematic overview of the light-induced intracellular Ca2+ signaling mediated by tCXCR4/CatCh

in an eukaryotic cell. In this optogenetic application the SDF1/CXCR4 signaling pathway (1–4) is used to

induce internalization of tCXCR4/CatCh in endosomes. 1. tCXCR4/CatCh is expressed heterologously in the

mammalian cell and trafficked towards and integrated into the plasma membrane. There, the chemokine
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pcDNA5/FRT/TO-construct and pOG44 in relation 1:10. The cell line expressing Catch::YFP
was available from earlier studies [12].

Western blot

Membrane proteins (CXCR4::eYFP; tCXCR4/CatCh tandem) were extracted from NG108-15
cells using the Mem-PER Plus Membrane Protein Exctraction Kit (Thermo Scientific, Braun-
schweig, Germany) 24 to 48h after transient transfection (Lipofectamine1 2000). Before the
protein concentration was determined (Quick Start™ Bradford 1x Dye Reagent, BioRad,
Munich, Germany; according to manual), membrane protein samples were concentrated
(Amicon1 Ultracel1 50K, Merck Milipore, Cork, Ireland). Reduced Protein samples (prepared
with NuPage LDS Sample Buffer and NuPage Sample Reduction Agent) were separated using
Gel electrophoresis (NuPage 10% Bis-Tris Gels) in a XCell SureLock1 Mini Cell Chamber (all
Invitrogen, Darmstadt, Germany) using Page Ruler Prestained Protein Ladder (Thermo Scien-
tific, Waltham, USA) as a marker. Gels were blotted in an iBlot™ Dry Blotting System (Invitro-
gen, Darmstadt, Germany) onto a nitrocellulose membrane (Novex iBlot1 Gel Transfer
Stacks, Invitrogen, Darmstadt, Germany, 23 V, 6 minutes) and blocked overnight at 4°C (dry
milk). Primary antibodies and secondary antibodies were incubated for 1 h each: Anti-Mouse
CD184(CXCR4) (1:1000, #14-9991-82, eBioscience, Frankfurt, Germany) and Rabbit Anti Rat
IgG HRP (1:1000, #PA1-28573, Pierce/Thermo Fisher Scientific). Blots were developed using
SuperSignal™ West Pico Substrate (Thermo Scientific, Waltham, USA), Amersham Hyperfilm™
ECL (GE Healthcare, Freiburg, Germany) and a Curix 60 Tabletop Processor (Agfa Health-
Care, Bonn, Germany).

Microscopy

Unless otherwise specified, generally, for fluorescence microscopy 8-well labtek II chambers
were used (see cell culture and transfection). Confocal laser scanning microscopy (CLSM) was
either performed with a Leica SP2 (Wetzlar, Germany) or a Carl Zeiss LSM 700 (Jena, Ger-
many) microscope. Images were subsequently processed using either LAS AF Lite (v2.6.3.,
Leica, Wetzlar, Germany) or ZEN 10 (Zeiss, Jena, Germany), and Fiji [21].

The internalization of CXCR4::eYFP and the optochemokine tandem was analyzed after
treatment with either 50 nM SDF1α (recombinant human SDF1α; Invitrogen) or 50 nM
SDF1α and 10 μM AMD3100 for 40 min in vivo or after fixation (10 min; 4% paraformalde-
hyde) in phosphate buffered saline (PBS, pH 7.4). The anti-mouse CD184 (CXCR4) PE-
eFluor1 610 (eBioscience) was added at a ratio of 1:500 (V/V) for 30 min and washed twice
with enriched DMEM before measurements. Alexa-647 labelled transferrin was purchased
from Thermo Fisher Scientific (Molecular Probes Invitrogen, Darmstadt, Germany) and the
staining procedure was performed as recommended by the supplier’s protocol. Early endo-
somes were visualized using CellLight1 Early Endosomes-RFP BacMam 2.0 kit (life technolo-
gies—molecular probes) in a concentration of 10 to 50 particles per cell. Cells were imaged
after an incubation period of 20 hours.

receptor CXCR4 will be activated by its endogenous ligand SDF1. 2. Upon SDF1-activation tCXCR4/CatCh

is internalized. As the Ca2+ concentration in the cell environment is four magnitudes higher than within the

cell, also the calcium concentration in these endosomes is considerably higher than in the cytosol. 3. The

endosome is trafficked into intracellular areas of the cell. 4. Upon illumination with blue light, CatCh will open

and release Ca2+ ions into the cytosol, resulting in a local intracellular increase of Ca2+. This transient Ca2+

signal might be used for triggering Ca2+-dependent physiological processes by light. N = nucleus,

M = mitochondrion.

doi:10.1371/journal.pone.0165344.g001
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In order to improve the signal, calcium imaging was performed with tCXCR4/CatCh
(D156C) containing the ChR2 L132C-D156C mutant. This mutant exhibits slower kinetics as
well as better expression which was beneficial for calcium imaging conditions. tCXCR4/CatCh
(D156C) was heterologously expressed in NG108-15 cells. 24 to 48 hours after Lipofecta-
mine1 2000 transfection, the internalization and dye loading were performed under physio-
logical condition (1.8 mM Ca2+) in DMEM without serum supplemented with 50 nM SDF1α
and 2 μM rhod2-AM or 5 μM rhod2 for 1 hour. In order to remove extracellular Ca2+ and to
detect only intracellular signals, the cells were washed 2 min with chelator solution (10 mM
glucose, 10 mM EGTA, 110 mM NaCl, 10 mM HEPES, pH 7.4). Calcium imaging was then
performed in calcium-free solution (130 mM NaCl, 10 mM HEPES, 2 mM MgCl2, 30 mM glu-
cose, pH 7.2) supplemented with 10 μM AMD3100. The cells were simultaneously excited with
two laser lines (488 nm 10 mW 2%, 555 nm 10 mW 1%) at the confocal microscope (LSM700)
at a frequency of 0.5 Hz in order to activate ChR2 and to detect YFP fluorescence and the
rhod2 signal at the same time. All parameters (area, light intensity, photomultiplier, pin hole
etc.) were kept constant in all measurements. Time series were analyzed with Fiji [21].

For cell death analysis long-term time-lapse imaging experiments were performed. Cells
were seeded on coverslips, treated with 50 nM SDF1α for 45 min, and transferred into a cus-
tom-built cell chamber (Nikon BioStation IM). Cells were exposed to enriched DMEM at 37°C,
5% CO2, and 95% air humidity and illuminated for 20 min by means of a blue LUXEON Rebel
light-emitting diode (470 nm, Phillips, San Jose, USA; 5 mW/mm2). In a time span of 60 min
fluorescence and phase contrast pictures (illumination with red light) were taken every five
minutes with a cooled charge-coupled device (CCD) camera. Data was analyzed with the Bios-
tation IM software (Nikon) and GIMP 2.8.10. Cell death ratios after 60 min were estimated by
morphological criteria and compared between the different genetic constructs by means of
two-tailed student's t-test (p = 0.05).

Patch clamp

Patch-clamp experiments were performed at two different setups that were described in detail
before [22,23], both were equipped with a 473 nm-DPSS laser (Pusch optotech, Baden Baden,
Germany) for the activation of Channelrhodopsin-2. For internalization experiments laser
light was coupled into a 0.5 mm diameter fiber and measurements were performed at laser
intensities in the sample of>10 mW/mm2. Experiments were performed with pipette resis-
tances of 1–2 MO (cell attached) or 3–5 MO (whole cell; GB150F-8P, Scientific-Instruments,
Hofheim, Germany) in a temperature controlled patch-chamber [22] allowing for patch clamp
experiments at 34°C. The membrane potential was held at -100 mV and cells were illuminated
for 100 ms. Once a gigaseal was established, photocurrents were recorded every 2 min for a
maximal duration of 30 min. Cell-attached or whole-cell currents were low-pass filtered at 5
kHz and digitized at a sampling rate of 100 kHz. Data recordings were controlled by the Soft-
ware Clampex 8.2 or 10.3 (Molecular Devices Co.). Data analysis was performed using Clamp-
fit 10.3 (Molecular Devices Co.) and Origin (OriginLab Corporation, Northampton, USA). All
data was normalized to the stationary photocurrent at t0 (time = 0).

In cell-attached measurements the standard bath solution (140 mM NaCl, 2 mM MgCl2, 2
mM CaCl2, and 10 mM HEPES pH7.4) was also applied in the pipette but supplemented either
with SDF1α, SDF1β or the inhibitor AMD3100. In whole-cell measurements a pipette solution
consisting of 110 mM NaCl, 2 mM MgCl2, 10 mM EGTA, and 10 mM HEPES pH 7.4 and the
standard bath solution were used.

Cell capacitance measurements in native cells were carried out as described before [24].
Briefly, the capacitive currents during the voltage step were used to define the charges required
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for the repolarization of the membrane and plotted against the membrane potential. The slope
represents the sum of cell and stray capacitance (Fig 2(A)). The membrane surface of each cell
was estimated by calculation from the radius assuming a spherical shape. The cell capacitance
was plotted against the membrane area and fitted using linear regression. The slope represents
the area-specific membrane capacitance.

Results

CXCR4::eYFP is internalized in NG-108-15 cells and HEK293 cells

For the functional characterization of tCXCR4/CatCh we chose the NG108-15 cell line, as it is
suitable for patch clamp experiments and was successfully used in previous experiments with
tandem proteins [13]. NG108-15 cells express endogenous CXCR4 [25] and SDF1-dependent
internalization was investigated by capacitance measurements of native cells in whole cell

Fig 2. SDF1-mediated CXCR4-internalization in NG108-15 cells. a. Plot of cell capacitance (including stray capacitance) measured in whole cell

configuration by patch-clamp technique against the membrane area. Cells were either not treated (red) or treated with 50 nM SDF1α (black) for >40 min.

The membrane area was calculated from the measured cell diameter assuming a spherical shape of the cell. The specific cell capacitance (slope of the

linear fit) decreases in presence of SDF1α. b. Confocal laser scanning micrographs of NG108-15 cells expressing CXCR4::eYFP in the presence of the

inhibitor AMD3100 or the agonist SDF1α as indicated. While strong internalization is observed with SDF1α, only few vesicles are observed in presence

of the inhibitor. c. Co-expression of CatCh::mKateA (red) and CXCR4::eYFP (cyan) in presence of 50 nM SDF1α. Note that after binding of SDF1α
CXCR4 is internalized while CatCh mainly remains in the plasma membrane and is not directly affected by this growth factor (S3 Fig). Scale bars

represent 5 μm.

doi:10.1371/journal.pone.0165344.g002
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patch-clamp experiments (Fig 2(A)). The membrane capacitance of untreated NG108-15 cells
and cells exposed to 50 nM SDF1α was compared. To determine the area-specific membrane
capacitance, the respective cell surface was calculated from the radius assuming spherical cell
shape. While the area-specific membrane capacitance was 1.72 ± 0.14 μF/cm2 (n = 28) for
untreated cells, the cell capacitance significantly (α< 0.05, two-tailed student t-test) decreased
to 1.35 ± 0.16 μF/cm2 (n = 25) after incubation with 50 nM SDF1α for >40 min. The folding
factor ϕ [26] describes the folding state of the membrane, reflecting microvilli and other mem-
brane substructures. Thus, ϕ is expected to be higher when no internalization takes place.
Indeed, assuming a specific membrane capacitance of 0.8 μF/ cm2 ϕ values of 2.15 for untreated
and 1.69 for treated cells were calculated. A similar, significant reduction of membrane capaci-
tance was also observed in electrorotation experiments (S2 Fig) confirming our results.

CXCR4 is translocated via the clathrin-mediated endocytic pathway [17]. To visualize the
SDF1α-induced internalization process, the NG108-15 cells were transiently transfected with
CXCR4 tagged with yellow fluorescent protein (CXCR4::eYFP) and investigated by CLSM.
Intense fluorescence in the membrane clearly indicated the successful expression of CXCR4::
eYFP in NG108-15 cells (Fig 2(B) and 2(C)). After treatment with 50 nM SDF1α for 40 min,
CXCR4::eYFP was partly internalized into small vesicles with diameters of 300–1500 nm (Fig 2
(B)). In contrast, when cells were treated with 10 μM of the antagonist AMD3100, the internali-
zation was strongly reduced, indicating a functional CXCR4 internalization system in NG108-
15 cells. Similar results could be obtained using HEK293 cells overexpressing CXCR4::eYFP
(see Material and Methods; S4 Fig) as an alternative cell system.

The high activity of SDF1α-mediated internalization might lead to unspecific displacement
of other membrane proteins. If the specificity of CXCR4 cargo selection in clathrin-coated pits
could be impaired by overexpression of the membrane-bound light-gated cation channel
Channelrhodopsin-2 (ChR2) it would eventually result in translocation of both proteins into
endosomes and thus provide a strategy to localize ChR2 in intracellular vesicles. To test this
hypothesis, fluorescently tagged ChR2 (CatCh::mKateA) was co-expressed together with
CXCR4::eYFP in NG108-15 cells. As can be seen in the CLSM images, CatCh::mKateA is not
substantially internalized upon addition of SDF1α (Fig 2(C); see also S3 Fig) but mainly
remains in the membrane, while internalization of CXCR4::eYFP is not affected by the pres-
ence of CatCh.

The optochemokine tandem tCXCR4/CatCh is internalized in presence

of SDF1α via clathrin-mediated endocytosis

In order to realize mutual internalization of CatCh and CXCR4, both proteins were combined
in one functional tandem entity. The optochemokine tandem tCXCR4/CatCh (Fig 1(A)) was
either expressed in NG108-15 (Fig 3) or HEK293 cells (S5 Fig). Similarly to earlier investiga-
tions of tandem proteins [13], the protein was expressed in one entity and not fragmented dur-
ing the expression/trafficking process. This was shown by Western blot analysis of membrane
proteins isolated from NG108-15 cells expressing tCXCR4/CatCh stained with anti-CXCR4
antibodies (S6 Fig). In agreement with the Western blot results we observed robust expression
and localization of the YFP fluorescence in the cytoplasmic membrane for both mammalian
cell types.

For our strategy it is fundamental that both 7TM-proteins preserve their function even
when combined in one tandem protein. Thus, the functional tandem proteins should be inter-
nalized while CatCh should have unaltered kinetics and channel characteristics. The ability of
the tandem to be internalized upon addition of SDF1α was shown in transiently transfected
NG108-15 cells treated either with 50 nM SDF1 only, or with 10 μM AMD3100. CLSM images
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clearly showed that after 40 min in presence of SDF1α the majority of tCXCR4/CatCh proteins
was located in intracellular vesicles (Fig 3(A)), putative endosomes. The number of vesicles was
strongly reduced when cells were treated with the antagonist AMD3100 (Fig 3(B)). Thus, in
tCXCR4/CatCh the internalization feature of CXCR4 was not impaired by the additional C-ter-
minally fused CatCh. In average the tCXCR4/CatCh vesicles were bigger (up to 4–5 μm) than
CXCR4::eYFP vesicles (<2 μm).

To support our assumption that the vesicles represent endosomes internalized from the
membrane, we used a functional CXCR4 specific antibody labelled with red-fluorescent
dye (Anti-Mouse CD184 PE-eFluor 610; eBioscience). Immediately after the treatment,
immuno-labeled CXCR4 was only found in the cytoplasmic membrane. After several hours of

Fig 3. Confocal laser scanning micrographs of tCXCR4/CatCh protein in NG108-15 cells. a,b. Z-stack overlay of a typical

tCXCR4/CatCh cell either treated with 50 nM SDF1α for 45 min (a) or with AMD3100 (b). The tandem construct is internalized

by the action of SDF1α (similar to CXCR4 shown in Fig 2). c. Internalization of anti-CXCR4 antibody after immunoreaction with

tCXCR4/CatCh in cells exposed to 50 nM SDF1α. The fluorescence signal of anti-CXCR4 (top, red) and tCXCR4/CatCh

(middle, cyan) co-localize to a great extend as can be seen from white areas in the overlay (bottom). Scale bars represent

10 μm.

doi:10.1371/journal.pone.0165344.g003
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incubation it was also localized in a number of intracellularly located vesicles. These vesicles
exhibited both red and green fluorescence indicating successful translocation of the tandem
protein from the plasma membrane (Fig 3(C)). Strikingly, the antibody did not show any
immunoreaction with endogenous NG108-15 and HEK293 CXCR4 neither in microscopic
analyses nor in Western blot experiments (S6 Fig) thus allowing for specific detection of the
heterologous CXCR4 constructs. The in vivo immunostaining of heterologous CXCR4 showed
that the majority of the intracellular, green-fluorescent vesicles originated from the cytoplasmic
membrane (Fig 3(C)), further supporting the assumption that these intracellular vesicles repre-
sent endosomes.

To verify this, NG108-15 tCXCR4/CatCh cells were transfected with fluorescent early-endo-
some marker Rab5a-RFP [27,28]. Indeed, vesicles that exhibited green and red fluorescence
could be observed indicating the internalization of tCXCR4/CatCh into endosomes (data not
shown). However, the overall transduction efficiency of the baculovirus Rab5a-RFP construct
in NG108-15 cells was very low. Therefore, a similar experiment was performed in stable
HEK293 FlpIn-T-RexTM (Invitrogen) cell lines expressing either CXCR4::eYFP or the
tCXCR4/CatCh tandem. Rab5a-RFP colocalized with either CXCR4::eYFP or the tCXCR4/
CatCh tandem (S7 Fig), confirming the results in NG108-15 cells. Also alexa647-labeled trans-
ferrin, a compound known to be internalized in endosomes [29], was observed to cluster in the
same regions as the tandem constructs or Rab5a, hence giving more evidence that the opto-
chemokine tandem is internalized via clathrin-mediated endocytosis into early endosomes
(S7 Fig).

CatCh is functional in tCXCR4/CatCh

Once tCXCR4/CatCh is internalized into the cell, it is designed to release cations upon illumi-
nation. In order to assess whether CatCh is fully functional in tCXCR4/CatCh, patch-clamp
experiments using NG108-15 cells expressing either tCXCR4/CatCh or CatCh::eYFP were per-
formed. After illumination (diode pumped solid-state laser; 473 nm; saturating conditions:
>10 mW/mm2) we observed the typical CatCh signal [12] in both proteins (Fig 4(A)): A short
transient peak, which was followed by a stationary current that decayed with a time constant of
16 ± 3 ms (S8 Fig) indicating unchanged kinetics of CatCh in the tandem protein. The mean
current density at -100 mV measured in whole cell conditions in NG108-15 cells was -67 pA/
pF (tCXCR4/CatCh; n = 11, s.e.m = 6) and -125 pA/pF (CatCh; n = 14, s.e.m. = 8). Thus, we
conclude that CatCh is functionally expressed in the optochemokine tandem and that the
expression level of the tandem construct is slightly reduced in comparison to CatCh only.

The functional expression of CatCh allowed us to electrophysiologically monitor the inter-
nalization process of tCXCR4/CatCh. In order to avoid possible negative effects of cytosol
replacement by pipette solution on the internalization process, the cell attached patch-clamp
mode was used ensuring the complete preservation of the cytosol. In these experiments the
pipette solution was identical with the extracellular solution supplemented either with 50 nM
SDF1α only or in addition to 10 μM AMD3100. The light-triggered channel response was mea-
sured every 2 min within a time course of 30 min at about 34°C (Fig 4(B)).

In the presence of SDF1α the signal recorded from tCXCR4/CatCh cells decreased by about
60% within half an hour. In contrast, when the action of SDF1α was impaired by its antagonist
AMD3100 the signal decreased only by about 30%. In accordance, cells expressing CatCh::
eYFP showed only an initial signal reduction by 15–20% and not further reduction. Thus, also
the electrophysiological data clearly indicate functional SDF1 dependent internalization of the
optochemokine tandem. We investigated the role of SDF1 splicing variant [30] and the agonist
concentration on the internalization behavior of tCXCR4/CatCh. However, no significant
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differences in internalization kinetics between SDF1α and SDF1β or 50 nM and 100 nM
SDF1α, respectively, could be observed (S9 Fig).

Optochemokine tandem endosomes release calcium into the cytosol

upon illumination

Upon SDF1α incubation and illumination of tCXCR4/CatCh expressing cells we expect intra-
cellular Ca2+ signals to be generated by ion efflux from endosomes. In order to gain more infor-
mation on the Ca2+ transfer inside the cells, we performed Ca2+ imaging experiments. In these
experiments we used a variant of tCXCR4/CatCh, in the following referred to as tCXCR4/
CatCh(D156C), in which Asp156 of CatCh was mutated to Cys. This mutation alters the gating
behavior of the channel [31] and was recently used in optogenetic experiments with Drosoph-
ila, renamed as ChR2-XXL due to its prolonged open state and improved expression [32].
These advantages were also observed in NG108-15 cells and allowed us to trigger tCXCR4/
CatCh(D156C) with very short light pulses with a scanning laser during CLSM measurements.

NG108-15 cells either expressing CXCR4::eYFP or tCXCR4/CatCh(D156C) tandem were
exposed to 5 μM rhod2 (not membrane permeable) and 50 nM SDF1α in the presence of phys-
iological extracellular Ca2+ and subsequently analyzed using CLSM in absence of extracellular
Ca2+ (Fig 5(A) and 5(B)). Within 60 s after illumination (488 nm laser) the red fluorescence of
the tCXCR4/CatCh(D156C) endosomes decreased much faster and in a non-linear fashion
compared to endosomes expressing CXCR4 only (Fig 5(C); significant difference after 8s). This
observation indicates an accelerated reduction of the endosomal Ca2+ concentration mediated

Fig 4. Patch-clamp investigation of the optochemokine tandem in cell attached configuration at 34˚C. The pipette solution was supplemented with

50 nM SDF1α. a. Typical current trace recorded at an applied membrane potential of -100 mV. Light-dependent signal of tCXCR4/CatCh directly after the

sealing process and 30 min later. During that time the cell was illuminated every two minutes for 100 ms. b. Time course of the relative tCXCR4/CatCh

current in presence of SDF1α (square, 5 cells) or SDF1α and the inhibitor AMD3100 (triangle, 3 cells), and CatCh in presence of SDF1α (circle, 4 cells).

Mean values are given, bars represent the standard error.

doi:10.1371/journal.pone.0165344.g004
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by the action of CatCh in the tandem construct. In accordance with this assumption we did not
observe any difference when CatCh was illuminated with 640 nm laser (no excitation of CatCh;
S10 Fig). In order to discover whether a release of Ca2+ from the endosomes could notably
change the Ca2+ concentration in the cytosol, we performed imaging experiments with cells
loaded with 2 μM rhod2-AM. In each cell the fluorescence intensity within one representative
endosome and the nucleus (as a measure for small changes in the cytosolic Ca2+ concentration
[33]) were compared over time (Fig 5(D); S11 Fig). Indeed, in tCXCR4/CatCh(D156C)
endosomes we observed a decrease of fluorescence while the fluorescence in the nucleus
increased. In contrast, the CXCR4 cells exhibited a decrease of fluorescence in nucleus as well
as endosomes.

Fig 5. Intracellular, light-induced Ca2+-signaling mediated by optochemokine tandem-endosomes. a,b. CLSM micrographs of NG108-15

expressing the tCXCR4/CatCh(D156C) (a, cyan) or CXCR4::eYFP (b, cyan) stained with rhod2 (red). White arrows highlight such endosomes that express

the respective membrane protein and are loaded with rhod2. Note that the rhod2 intensity decreases in tCXCR4/CatCh(D156C) to a larger extent than in

CXCR4::eYFP endosomes. c. Time course of the rhod2 fluorescence of endosomes exhibiting tCXCR4/CatCh(D156C) (17 cells, mean s.e.m) or CXCR4

(21 cells) as identified by their fluorescence. Upon blue light activation rhod2-fluorescence non-linearly decreases in endosomes with tandem construct,

while endosomes containing CXCR4 in their membrane show only moderate, nearly linear decrease of rhod2 fluorescence. d. Time course of rhod2

fluorescence in endosomes (filled symbols) and nuclei (empty symbols) as a measure for small changes in the cytosolic Ca2+ [33] of cells loaded with the

membrane permeable rhod2AM-derivate (See also S11 Fig). Note that in tCXCR4/CatCh(D156C) cells (red, n = 7, mean + s.e.m) an increase in cytosolic

Ca2+ concentration was observed while only fluorescence decrease was observed in CXCR4-expressing cells (black, n = 8, mean + s.e.m.). All

rhod2-experiments were performed in absence of extracellular Ca2+. Scale bars represent 10 μm.

doi:10.1371/journal.pone.0165344.g005
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Discussion

To date there is no report about functional expression of intracellularly acting, light-controlled
Ca2+ regulators. This is due to the absence of suitable strategies for the intracellular expression
of light-switchable membrane-transport proteins. The light-induced release of Ca2+ from intra-
cellular calcium stores would enable the precise regulation of physiological processes and thus
are expected to be of extreme interest for cell biologists.

Herein, we established a novel approach for the light-controlled, intracellular manipulation
of the second messenger Ca2+ by re-engineering our previous invention, a gene cassette for
stoichiometric expression of two rhodopsins [13]. The novel optochemokine tandem was
designed to shuttle the tool from the plasma membrane into intracellular organelles by ligand-
induced endocytosis, to monitor the displacement by decreasing ion-channel activity, and to
generate intracellular Ca2+ elevation by light. N-terminally the chemokine receptor CXCR4
was set to take advantage of the well-known clathrin-mediated endocytosis [17,30] and to traf-
fic the optochemokine tandem into intracellular organelles in a SDF1-dependent manner. As
optogenetic actuator the CatCh mutant of the light-gated cation channel ChR2 was placed c-
terminally. This mutant holds an about 6-fold enhanced Ca2+ permeability [12] compared to
the wild type protein. In addition, the light-sensitivity of this actuator was further improved by
the point mutation D156C [31,32], which exhibits extra high expression and a long open state.

Two mammalian cell lines were selected for the characterization of this novel optophysiolo-
gical tool after testing for the SDF1-dependent internalization of CXCR4 by capacitance mea-
surements and fluorescence microscopy (Fig 2 and S4 Fig). Our data clearly shows that
tCXCR4/CatCh was functionally expressed in NG108-15 and HEK293 cells, that the activation
of CXCR4 by SDF1 in tCXCR4/CatCh led to the internalization of the whole tandem construct
by endocytosis via the clathrin-mediated endosome pathway, and that the optophysiological
tool could generate intracellular Ca2+-elevation upon light-induced channel opening. In con-
trast, co-expressed single fluorescent CXCR4 and CatCh constructs did not lead to any sub-
stantial internalization of the cation channel.

Similar to other rhodopsin-tandem proteins [13] tCXCR4/CatCh was expressed as one sin-
gle fluorescent entity (S6 Fig). From the whole-cell patch-clamp data we conclude that the
opotchemokine tandem in contrast to other previous tandems was expressed to a similar extent
as CatCh::eYFP. tCXCR4/CatCh located both in the plasma membrane and in intracellular ves-
icles. By immune-labeling with a red-fluorescent CXCR4-specific antibody we identified the
majority of intracellular vesicles as tCXCR4/CatCh endosomes, which had been internalized
from the plasma membrane within several hours after staining of the plasma membrane (Fig 3
(C)). Thus, internalization behavior of tCXCR4/CatCh was similar as in the pure CXCR4::
eYFP constructs (Fig 2(B)). The internalization process could, to a great extent, be inhibited by
the specific antagonist AMD3100 which blocks SDF1-binding [20]. In addition, our experi-
ments with the endosome markers Rab5 and transferrin clearly showed that the internalization
process is realized via the well-conserved clathrin-pathway [34] (S7 Fig).

Also the kinetics of the internalization process observed in patch clamp experiments analyz-
ing the photocurrent over time was in accordance with previously published data measured in
other cell types [35,36]. Interestingly, with this sensitive method we could not detect any signif-
icant difference between the splicing variant alpha or beta of the SDF1 ligand [30] (S9 Fig), sug-
gesting successful activation of the tool by both variants. SDF1-specificity of endocytosis was
further supported by the fact that in presence of the antagonist AMD3100 the internalization
was strongly reduced (CatCh-signal decrease of ~30%). As in CatCh alone a similar decrease
(~20%) was observed but no displacement was observed in the imaging data (S3 Fig), we
assume that the major part of the slight current decrease of tCXCR4/CatCh most likely
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corresponded to run-down effects in CatCh. Such initial current decrease can frequently be
noticed in patch-clamp experiments under saturating light conditions.

Once internalized, the tCXCR4/CatCh endosomes migrate into the cell and serve as Ca2+

stores that can release Ca2+ into the cytosol upon blue light illumination. Assuming a mean
radius of 500 nm for endosomes (Figs 2(B), 5(A) and 5(B)), the single channel conductance of
CatCh of 140 fS [12], and a mean number [24] of 500 channel proteins per μm2 we can esti-
mate the amount of Ca2+ ions released by each endosome. During the endocytosis process a
substantial amount of Ca2+ can enter the cell and the vesicles are filled with extracellular
medium. Once internalized, Ca2+ is quickly released from the endosome, which in turn is acidi-
fied [16,37]. The Ca2+ concentrations measured inside the endosomes differ strongly [38–40].
Assuming a Ca2+ concentration of 40 μM [10] the endosome contains around 12600 Ca2+ ions
which could be released with a maximal rate of 7�106 s-1 (see complete calculation in S1 Text).
It has to be taken into account that, though CatCh provides increased permeability for Ca2+,
other cations as sodium and protons have higher permeability and therefore might interfere
with the Ca2+ signal. During endosome maturation the Ca2+ content increases again [39], thus
allowing for an intensified light-induced Ca2+ signal by late endosomes. Though Albrecht et al.
[39] postulate a minor role of endosomes in Ca2+ signal shaping, in comparison to mitochon-
dria and ER, our theoretical considerations and experiments suggest endosomes as potential
Ca2+ source for optophysiological experiments.

In accordance with our estimates, in intra-endosomal Ca2+ measurements (Fig 5A–5C) a
non-linear decrease in rhod2 fluorescence was observed upon blue-light illumination in
tCXCR4/CatCh endosomes, suggesting a release of Ca2+ ions into the cytosol, while only a
slight linear decrease was observed in endosomes with CXCR4 alone. Indeed, measurements
with rhod2-AM further supported the finding that the release of Ca2+ from the endosomes
leads to an increase of cytosolic Ca2+ (Fig 5(D)) as the effect of tCXCR4/CatCh was quite pro-
nounced though it was measured in absence of extracellular Ca2+. These measurements were
performed in the presence of the CXCR4 antagonist AMD3100 in order to reduce the native
signaling activity of CXCR4. Stimulation of CXCR4 will activate heterotrimeric Gi protein
pathways and thus might affect the phosphorylation status of proteins or even influence the
activity of Ca2+ channels [41–43]. Therefore, one is obligated to perform accurate control mea-
surements deciphering the signals potentially induced by CXCR4 from those induced by Ca2+

elevation via the optochemokine tandem. This is especially important as due to the expression
of the optochemokine tandem the number of CXCR4 copies in the cell increases. Further work
is needed to optimize the tandem function for its use in a certain physiological process, e.g. by
substituting CXCR4 by other class A GPCRs or by introducing mutations that affect the
GPCRs function [44]. Furthermore, cell specific calcium release would require fine tuning of
the tandem-signal activation process for the cell type used. Nevertheless, in our study the incre-
ment of cytosolic Ca2+ after illumination of the optochemokine tandem was clearly dependent
on blue light (activation of ChR2) while with red light (no ChR2 activity) no difference was
observed when compared with cells expressing CXCR4 only (S10 Fig).

Conclusions

Summarizing our findings, the novel optophysiological tool combines two different features in
one functional protein. First, the internalization pattern of distinct GPCRs can be followed up
by the activity of CatCh in patch-clamp experiments. Thus, combining unknown or less inves-
tigated GPCRs with ChR2 in the tandem cassette would provide new insights into their inter-
nalization characteristics. Second, the intracellular Ca2+ concentration can be manipulate by
light-triggered Ca2+ release from endosomes. In this respect it is important to emphasize that
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the tCXCR4/CatCh approach could be extended to combine different GPCRs with other (e.g.
red-light sensitive) channelrhodopsins or even with various light-gated ion pumps suited for
the modulation of intracellular pH, as recently done in synapses [45]. Time-resolved modula-
tion of the Ca2+ concentration by light could be used to induce Ca2+-dependent processes like
gating of Ca2+-activated Ca2+ channels, membrane fusion, secretion, induction of gene expres-
sion, and cell proliferation [8,46] or even cell death [47,48]. Indeed, in tCXCR4/CatCh express-
ing NG108-15 cells, as shown in S12 Fig, cell death was induced under physiological conditions
by blue light reflecting its potential usefulness in the treatment of solid tumors. This topic will
be subject of ensuing study to unravel a potential role of this optophysiological tool as a strat-
egy for the induction of cell death of cancer cells upon light irradiation.

Supporting Information

S1 Fig. Cell cycle analysis of NG108-15 cells determinedby flow cytometry. Illustration of
the characteristic distribution of cells across the cell cycle suggesting absence of any chromo-
somal aberrant subpopulations. Experiments were performed with a BD FACSCanto™ II (BD
Biosciences). The cells were detached by trypsination and centrifuged at 20°C and 400 g for 5
min. 5�105 cells were resuspended in DNA-buffer (100 mM Tris pH7.4, 154 mM NaCl, 1 mM
CaCl2, 0.5 mM MgCl2, 0.2% BSA, 0.1% NP40, RNase A 100 U/ml and propidium iodide 10 μg/
ml) and incubated for one hour at 4°C in the dark. Excitation of propidium iodide was per-
formed with the 488 nm laser line. Data analysis and visualisation was performed with Flowing
Software (version 2.5.1 Turku Centre for Biotechnology).
(PDF)

S2 Fig. Electrorotation data of NG108-15 cells before (red) and after (black) treatment
with SDF1α. Cm was calculated to be 2.46 ± 0.19 μF/cm2 (untreated cells, n = 366) and 1.89 ±
0.08 μF/cm2 (treated, n = 345), reflecting a significant decrease of the specific membrane capac-
itance upon addition of SDF1 (two tailed student t-test, alpha<0.5). Due to methodical reasons
the absolute Cm values are slightly higher than in patch-clamp experiments (Fig 2), whereas
the relative decrease is similar in both methods.
(PDF)

S3 Fig. Confocal laser scanningmicrographs of NG108-15 cells expressing ChR2::eYFP.
Cells were imaged in presence of the CXCR4 inhibitor AMD3100 (left) or the activator SDF1α
(right). Note that upon addition of SDF1 no substantial internalization of ChR2 could be
observed. Scale bar represents 10 μm.
(PDF)

S4 Fig. HEK293 CXCR4::eYFP cell line. Cells were incubated for 24 hours in media supple-
mented with either 10 μM AMD3100 (left) or 50 nM SDF1α (right). Strong internalization was
observed in presence of the agonist but not the antagonist. Scale bar represents 20 μm.
(PDF)

S5 Fig. HEK293 FlipIn-T-Rex tCXCR4/CatCh cell line. a. Confocal laser scanning micro-
graphs showing co localisation of tCXCR4/CatCh (cyan) and antiCXCR4 antibody (red) after
treatment with 50 nM SDF1α. White bar represents 5 μm. b. Patch-clamp experiments. Volt-
age step protocol in whole cell mode, showing full functionality of the CatCh-Protein in
tCXCR4/CatCh.
(PDF)

S6 Fig. Western blot analysis with anti-CXCR4 antibody. Membrane fragments were isolated
from NG108-15 cells expressing either CXCR4::YFP, tCXCR4/CatCh, or no heterologous
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protein (control) as indicated.
(PDF)

S7 Fig. CLSM analysis of endocytosis in HEK293 cells expressing tCXCR4/CatCh. a. Coex-
pression of tCXCR4/CatCh (cyan) and the endosome marker Rab5-RFP. b. Cells were exposed
to Alexa647-transferrin (red) which is internalised into endosomes via clathrin-mediated
endocytosis. Note, that both proteins colocalize with tCXCR4/CatCh indicating the endosome-
nature of the observed intracellular vesicles. Scale bars represent 10 μm.
(PDF)

S8 Fig. Time course of the closing kinetics of CatCh (black) and tCXCR4/CatCh (red).
Patch-clamp experiments were performed at -100 mV membrane potential after blue light
(473 nm; 200 ms) illumination in cell attached mode in presence of 50 nm SDF1α at 34–36°C.
Mean τoff and standard error of up to 10 cells (CatCh) and up to 14 cells (tCXCR4/CatCh) are
given. There was no significant difference observable in the behavior of CatCh in the tandem
construct compared to the protein alone. Note, that time constant differs from the published
[12] value of 16 ms due to higher temperatures.
(PDF)

S9 Fig. Dependencyof the tCXCR4/CatCh internalization on concentration (a) and splic-
ing variant (b) of the chemokine ligand. Data were obtained in cell attached Patch-clamp
measurements of NG108-15 cells expressing tCXCR4/CatCh protein. a. When supplying 100
nM SDF1α instead of 50 nM the internalization efficiency did not significantly increase. There-
fore, in our experiments we used 50 nM SDF1α. Mean values and standard error of 5 cells (50
nM SDF1α) and 3 cells (100 nM SDF1α) are given. b. No significant difference was observed
between SDF1α (black) and SDF1β (red). Mean values and standard error of 5 cells (SDF1α)
and 3 cells (SDF1β) are given.
(PDF)

S10 Fig. Control experiment showing the time course of rhod2 fluorescence in endosomes
exhibiting tCXCR4/CatCh(D156C) (7 cells, mean s.e.m) or CXCR4 (10 cells) upon red
light illumination. The conditions were similar to the experiment depicted in Fig 5C but
repetitive red light illumination (639 nm 5mW 4%) was used instead of blue light to avoid acti-
vation of CatCh.
(PDF)

S11 Fig. Calcium-imagingof NG108-15 cells loadedwith the calcium-dye rhod2-AM. Cells
were transfected with tCXCR4/CatCh(D156C) (upper row, cyan) or CXCR4::eYFP (lower row,
cyan) and pre-incubated with 50 nM SDF1α 24 h after expression before they were additionally
loaded with the dye. Images were acquired by cLSM in absence of extracellular Ca2+. Each fig-
ure shows the fluorescence intensity of rhod2-AM (red) in ROIs containing either endosomes
(white) or nucleus (magenta). Scale bars represent 10 μm. The graph below each photograph
represents the time course of normalised fluorescence intensity ΔF/F0 within the respective
ROIs as indicated. Averaged data of 5 cells are given in main document Fig 5D. See also S1
Movie.
(PDF)

S12 Fig. Light-inducedcell death in NG108-15 cells expressing tCXCR4/CatCh or CXCR4.
a. Obvious changes in cell morphology were taken as criterion to distinguish dead and alive
fluorescent cells. While healthy viable cell did not lose their membrane integrity, dead cells
were recognized by membrane blebbing, cell shrinkage, and lose of cellular material (red
arrows). b. Cells were illuminated with a light intensity of about 5 mW/ mm2 for 20 min
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followed by a subsequent dark exposure time of 40 min and the ratio of dead cells was followed
over the time c. After 60 min the tCXCR4/CatCh cells showed a significant increase (two tailed
student t-test, a<0.05) in the number of dead cells upon illumination as compared with
CXCR4-expressing cells.
(PDF)

S1 Movie. Intracellular, light-inducedCa2+-signaling. Ca2+ signals were mediated in NG108-
15 cells by tCXCR4/CatCh (green) endosomes visualized by the calcium sensitive dye Rho-
d2-AM (red) and recorded with a confocal laser scanning microscope. In order to improve the
signal to noise ratio of the rhod2 channel, the images were subjected to the Fiji mean filter
(value = 1) and rhod2 intensity values are depicted on a logarithmic scale.
(MP4)

S1 Text. Estimation of endosomalCa2+ content and release rate.
(PDF)
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3 RESULTS

3.2 Characterization of Plasma Membrane Ceramides by

Super-Resolution Microscopy

Abstract

"The sphingolipid ceramide regulates cellular processes such as di�erentiation, prolifer-

ation, growth arrest, and apoptosis. Ceramide-rich membrane areas promote structural

changes within the plasma membrane that segregate membrane receptors and a�ect mem-

brane curvature and vesicle formation, fusion, and tra�cking. Ceramides were labeled

by immunocytochemistry to visualize their distribution on the plasma membrane of dif-

ferent cells with virtually molecular resolution by direct stochastic optical reconstruction

microscopy (dSTORM). Super-resolution images show that independent of labeling con-

ditions and cell type 50�60% of all membrane ceramides are located in ceramide-rich

platforms (CRPs) with a size of about 75 nm that are composed of at least about 20

ceramides. Treatment of cells with Bacillus cereus sphingomyelinase (bSMase) increases

the overall ceramide concentration in the plasma membrane, the quantity of CRPs, and

their size. Simultaneously, the ceramide concentration in CRPs increases approximately

twofold." [110]

The following manuscript was published on May 22nd, 2017 in Angewandte Chemie Inter-

national Edition and permission for legal second publication within this thesis was kindly

granted from both the publishers and the co-authors.
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Abstract: The sphingolipid ceramide regulates cellular pro-
cesses such as differentiation, proliferation, growth arrest, and
apoptosis. Ceramide-rich membrane areas promote structural
changes within the plasma membrane that segregate membrane
receptors and affect membrane curvature and vesicle forma-
tion, fusion, and trafficking. Ceramides were labeled by
immunocytochemistry to visualize their distribution on the
plasma membrane of different cells with virtually molecular
resolution by direct stochastic optical reconstruction micros-
copy (dSTORM). Super-resolution images show that inde-
pendent of labeling conditions and cell type 50–60% of all
membrane ceramides are located in ceramide-rich platforms
(CRPs) with a size of about 75 nm that are composed of at least
about 20 ceramides. Treatment of cells with Bacillus cereus
sphingomyelinase (bSMase) increases the overall ceramide
concentration in the plasma membrane, the quantity of CRPs,
and their size. Simultaneously, the ceramide concentration in
CRPs increases approximately twofold.

The plasma membrane is mainly composed of glycerophos-
pholipids, sphingolipids, and cholesterol. Sphingolipids are
natural lipids comprised of the sphingoid base backbone
sphingosine, which when N-acylated with fatty acids forms
ceramide, a central molecule in sphingolipid biology. De novo
synthesis of ceramide occurs in the endoplasmatic reticulum
followed by conversion into complex sphingolipids in the
Golgi apparatus. Furthermore, sphingomyelinases (SMases)
can generate ceramide from sphingomyelin in the plasma
membrane.[1, 2] Interactions of sphingolipids with one another
and with cholesterol typically result in membrane micro-
domains or rafts that segregate membrane-associated pro-
teins and compartmentalize signaling components within the
plasma membrane.[3–6] Activation of SMases by cellular stress

or ligation of receptors results in ceramide synthesis and
subsequent self-association within the plasma membrane,
resulting in ceramide-rich platforms (CRPs).[7, 8] The forma-
tion of CRPs rearranges the organization of the plasma
membrane including clustering of diverse receptors and
facilitates vesicle formation and fusion.[8,9] These changes
induce differentiation, proliferation, growth arrest, and cell
death.[1, 2]

Moreover, SMases and ceramides have been shown to be
critically involved in the internalization of pathogens.[10–15]

The recent observation, that CRP formation is essential in
controlling the metabolic activity of regulatory T cells dem-
onstrates that ceramides play also an essential role in
regulating immune functions and inflammation.[16, 17] How-
ever, despite these important roles the molecular organiza-
tion of ceramides in the plasma membrane remains elusive.
Hitherto, CRPs have been studied extensively in artificial
membranes by biochemical and biophysical
approaches[3, 4, 18–20] and in fixed cells by immunocytochemis-
try.[21–23] CRPs have been visualized by electron microscopy
and fluorescence microscopy in the plasma membrane of cells
as macrodomains with diameters of 200 nm up to several
micrometers.[7, 24, 25]

To fully understand ceramide biology, we have to develop
refined methods to study their distribution in the plasma
membrane, ideally quantitatively with molecular resolution.
The limited knowledge about the distribution of sphingolipids
in plasma membranes is mainly due to experimental hurdles.
First, the analysis of interactions among distinct molecular
lipid species is complicated due to the fact that classical
spectroscopic approaches using fluorescent membrane lipid
analogs are hampered by structural and physical alterations
induced by the fluorescent molecules.[26–28] Second, standard
fluorescence imaging methods exhibit only a spatial resolu-
tion of half of the wavelength of the light used to image the
structure and cannot resolve internal architecture and dis-
tribution of sphingolipids in nanodomains or clusters with
a size of 2–300 nm.[29, 30] Recently, the distribution of sphingo-
lipids in the plasma membrane of cells has been investigated
by super-resolution microscopy.[31,32] Furthermore, high-reso-
lution imaging mass spectrometry has been used to map the
distribution of 15N-enriched ions from metabolically labeled
15N-sphingolipids with about 50 nm lateral resolution and an
analysis depth of < 5 nm to ensure the selective investigation
of membrane sphingolipids.[33] The study revealed the exis-
tence of micrometer-scale sphingolipid platforms with a mean
diameter of about 200 nm, independent of fixation conditions
and temperature.
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Herein, we used rabbit anti-C18 and anti-C16/24 ceramide
IgG antibodies for specific labeling and Alexa Fluor 647
labeled secondary antibodies[23] in different cell lines before
and after SMase treatment to visualize ceramides with high
spatial resolution by dSTORM.[34,35] However, when using
immunolabeling for visualization of membrane components,
crosslinking of antibodies can induce clustering artifacts.
Furthermore, the fixation procedure can alter the distribution
of molecules in the plasma membrane. Even after fixation
with 4% formaldehyde (FA) and 0.3% glutaraldehyde (GA),
residual post-fixation diffusion of membrane sphingolipids in
combination with antibody crosslinking can potentially lead
to clustering artifacts.[8, 36, 37] Therefore, in first experiments we
investigated the influence of different live and fixed cell
labeling conditions on the distribution of plasma membrane
ceramides in U2OS cells (Supporting Information, Fig-
ure S1)). In accordance with previous experiments,[33] our
results demonstrate that independent of the labeling con-
ditions, for example, live-cell, or formaldehyde and gluta-
raldehyde fixation, respectively, ceramides form CRPs with
similar distribution and size (Supporting Information, Fig-
ure S1). Therefore, we fixed different cells after labeling with
4% FA and 0.3% GA for 30 min in the following super-
resolution imaging experiments.

dSTORM images clearly reveal non-random distributions
of ceramides in HBMEC, Jurkat, and U2OS cells for both IgG
antibodies (Figure 1; Supporting Information, Figures S2, S3).
Recently,[38] it has been demonstrated that high emitter
densities in combination with inappropriate photoswitching
rates can give rise to the appearance of artificial membrane
clusters or nanodomains in single-molecule localization

microscopy images of membrane molecules. To exclude
reconstruction artifacts of overlapping point-spread-functions
(PSFs), we carefully examined the emitter density in our data.
The recorded single-molecule movies show spatially well-
resolved PSFs of individual emitters and thus affirm the
existence of CRPs in the plasma membrane (Supporting
Information, Video S1).

To describe the distribution of membrane ceramides, we
first calculated RipleyQs K-function of several regions of
interest (ROI) of the plasma membranes with a size of 2 X
2 mm2 (Supporting Information, Figure S4).[39] Here, it is
important to consider that the maximum of RipleyQs K-
function (rMax) is located between the actual cluster radius and
diameter and gives only an estimate of the average cluster
size. To obtain detailed information about cluster size and
localizations per cluster, we used a morphological cluster
analysis.[40] Based on the results of RipleyQs K-function, we
analyzed those clusters that have a radius between rMax and
rMax/2 (for a detailed description, see the Supporting Infor-
mation, Materials and Methods). Morphological cluster
analysis demonstrates that CRP diameters vary between
72: 8 nm (median:MAD; MAD: median absolute devia-
tion) and 78: 11 nm (median:MAD) measured on the basal
membranes of U2OS cells and HBMEC, and the apical
membrane of Jurkat cells, respectively (Table 1). The number
of CRPs per mm2 differs between the different cell lines, from
about 1.8 per mm2 for HBMEC, about 2.4 per mm2 for U2OS
cells, to about 3.6 per mm2 for Jurkat cells (Table 1).
Independent of the cell line 50–60% of all localizations are
part of CRPs whereas the remaining localizations are
detected outside of CRPs (Figure 1, Table 1, Supporting

Information, Figure S3). Our
results demonstrate that the size,
shape, and composition of CRPs
is identical in the upper (apical)
and lower (basal) plasma mem-
brane (Figure 1; Supporting
Information, Figure S3).

Furthermore, our data show
that the plasma membrane of
Jurkat cells exhibits the highest
density of ceramides, with 700–
1100 localizations per mm2, fol-
lowed by U2OS cells with 400–
500 localizations per mm2 and
HBMEC with 250–370 localiza-
tions per mm2 (Table 1). To esti-
mate the number of localizations
typically detected per primary/
secondary Alexa Fluor 647 la-
beled antibody complex, we pro-
ceeded as recently introduced for
super-resolution imaging of
plasma membrane glycans[41] and
grouped repeated localizations
using the tracking function of
rapidSTORM[42] and extracted
5.4: 0.2 (median:MAD) local-
izations per isolated fluorescent

Figure 1. Ceramides form CRPs in the plasma membrane. Jurkat (a, d), U2OS (b, e), and HBME (c, f)
cells were fixed and stained with IgG antibodies against C16/24 ceramides and Alexa Fluor 647 labeled
secondary antibodies. dSTORM imaging of the basal (a–c) and apical (d–f) plasma membrane reveals
a non-random distribution of ceramides. Individual CPRs with diameters <100 nm can be detected in
the plasma membrane of all cell lines at the apical and basal membrane. Insets show enlarged regions
of the respective dSTORM image. Scale bars: 1 mm (a–f) and 200 nm (insets).
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spot (primary/secondary antibody complex; Supporting Infor-
mation, Figure S5). Using the value of 5.4 localizations per
isolated fluorescent spot, we can now estimate the number of
primary antibodies bound to C16/24 ceramides in the plasma
membrane to approximately 139–194 (Jurkat cells), 80–87
(U2OS cells), and 48–62 (HBMEC) per mm2 (Table 1). Under
the assumption of identical ceram-
ide approachability (perceptibility
and specific orientation of the bind-
ing side) inside and outside of CRPs
we can directly translate the esti-
mated ceramide numbers to CRP
composition. Hence, CRPs exhibit
an average diameter of about 75 nm
and contain approximately 16-22
C16/24 ceramides independent of
the cell type (Table 1).

Apart from the de novo synthe-
sis, ceramides can also arise from
the hydrolysis of sphingomyelin by
the activation of sphingomyelinases
(SMases).[1, 2, 6–9] To study the influ-
ence of SMases on the distribution
of ceramides in the plasma mem-
brane, we incubated HBMEC with
exogenous Bacillus cereus sphingo-
myelinase (bSMase) before imaging
(Figure 2). First, we performed flow
cytometry measurements of
HBMEC incubated with different
concentrations of bSMase before
staining with anti-ceramide anti-
bodies. Here, the highest ceramide
concentration in the plasma mem-
brane is visible with 150 mU
bSMase during a 40 min incubation
period (Supporting Information,
Figure S7). Super-resolution imag-
ing measurements applying the
same bSMase concentration
(Figure 2) clearly show non-

random ceramide distributions in bSMase treated
cells (Figure 2a–c).

However, treatment with bSMase increases
ceramide concentration in the plasma membrane
about 3.3 fold, that is, the number of localizations
increases from 259: 21 (mean: s.e.m.; s.e.m.: stan-
dard error of the mean) localizations per mm2 in
untreated to 867: 55 (mean: s.e.m.) localizations
per mm2 in bSMase-treated HBMEC (Figure 2d).
60% of the localizations in untreated cells and 72%
in treated cells are found in CRPs. Simultaneously,
more CRPs with slightly larger diameter (Figure 2c
and e) and more localizations (Figure 2 f) appear
after bSMase treatment. Furthermore, the quantity
of CRPs increases from 1.8: 0.3 to 3.6: 0.7 per mm2

plasma membrane.
To conclude, we imaged two types of ceramides

using two specific IgG antibodies directed against
ceramides with different fatty acids chains (C18 and C16/
24).[23] Lipid-ELISAs have shown that the C18 antibody
predominantly recognizes C16:0 and C18:0, and C18:1
ceramide, while the C16/C24 antibody recognizes a broad
spectrum of ceramides from C16:0 to C24:1 ceramide.[23]

Therefore, our data are representative of the composition of

Table 1: Characteristics of plasma membrane ceramides.[a]

D
[nm]

Loc/
CRP

Cer/
CRP

CRPs
[mm@2]

Loc
[mm@2]

Cer
[mm@2]

Jurkat basal 76:10 97:33 18:6 3.5:0.5 1048:88 194:16
Jurkat apical 78:11 112:43 21:8 3.7:0.5 749:106 139:20
U2OS basal 72:8 92:28 17:5 2.5:0.2 433:39 80:7
U2OS apical 74:9 121:42 22:8 2.2:0.2 472:40 87:7
HBMEC basal 72:8 85:26 16 :5 1.7:0.2 259:21 48:4
HBMEC apical 74:9 93:29 17:5 1.9:0.2 334:35 62:6

[a] Data were derived from dSTORM measurements of the basal and apical plasma
membrane of cells stained with C16/24 antibodies. Diameter, D [nm] and
localizations per ceramide-rich platform (CRP) are results of morphological cluster
analysis based on Ripley’s H(r) function. Molecule numbers were calculated by
dividing the number of localizations by a factor of 5.4. Diameter (D), localizations
per CRP (Loc/CRP), and ceramides per CRP (Cer/CRP) are presented as
median:MAD. CRPs per mm2 (CRPs/mm2), localizations per mm2 (Loc/mm2), and
ceramides per mm2 (Cer/mm2) are presented as mean: s.e.m.

Figure 2. bSMase treatment of HBMEC increases ceramide concentration and size of CRPs. HBMEC
were incubated without (a) or with (b) 150 mU bSMase for 40 min and plasma membrane C16/24
ceramides were stained by indirect immunocytochemistry with Alexa Fluor 647. bSMase-treated cells
imaged by dSTORM reveal larger clusters of C16/24 ceramides than untreated cells. Insets show
enlarged regions of the respective dSTORM image. c) The normalized Ripley’s K-functions, H(r),
indicate non-random distributions of ceramides and exhibit maxima of clustering at r =68:1 nm
(mean: s.e.m., 44 regions (2 W 2 mm) of 11 cells) for untreated cells (black) and r =105:5 nm
(mean: s.e.m., 113 regions (2 W 2 mm) of 18 cells) for bSMase-treated cells (cyan). d) Calculation of
all localizations/area inside and outside of CRPs results in 259:21 localizations/mm2 (mean:
s.e.m) for untreated cells and 867:55 localizations/mm2 (mean:s.e.m.) for bSMase-treated cells.
The percentage of CRPs with a diameter between 60–220 nm was calculated using morphological
cluster analysis.[38] e) Compared to untreated cells, more CRPs with larger diameters were found in
bSMase-treated cells. f) bSMase-treated cells show more CPRs that contain on average more
localizations. 3543 CPRs of untreated and 9379 of treated cells were analyzed. Scale bars: 1 mm (a,
b) and 200 nm (insets).
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ceramide in the cell membrane. To further rule out effects of
residual mobility of sphingolipids in the plasma membrane
after fixation and antibody-induced crosslinking effects, we
performed dSTORM experiments at various antibody con-
centrations (Supporting Information, Figure S8).[43] Here, the
diameter and number of CRPs detected remain virtually
unaffected by the concentration of primary antibodies used
over a broad range of antibody concentrations, from 3.1: 0.3
CRPs mm@2 (20 mgmL@1) to 3.0: 0.2 CRPs mm@2 (10 mgmL@1)
and 2.5: 0.2 CRPs mm@2 (5 mgmL@1) (Supporting Informa-
tion, Figure S8).[43] Only for the lowest primary antibody
concentration used (0.5 mgmL@1) the number of CRPs mm@2

decreased to 1.1: 0.2 (Supporting Information, Figure S8).
Furthermore, we measured the residual mobility of ceramides
in the plasma membrane after fixation with 4% FA (Support-
ing Information, Figure S9). The data clearly corroborate our
finding that residual mobility of ceramides after fixation does
not permit the formation of artificial CRPs. Together these
results confirm the existence of CRPs in the plasma mem-
brane independent of the cell type and imply that segregation
of sphingolipids into CRPS with a size of about 75 nm is
a universal characteristic of cell membranes essential for
cellular function. The finding that actin depolymerization by
treatment of cells with latrunculin A eliminates the sphingo-
lipid domains on the plasma membrane[33] demonstrates that
antibody-induced crosslinking effects can be neglected and
indicates that the cytoskeleton and its associated membrane
proteins confine ceramides within CRPs in the plasma
membrane.

The estimation of 16-22 C16/24 ceramides per CRP
(Table 1) is certainly a lower limit. It also has to be considered
that quantification experiments have been performed with
a primary antibody concentration of 5 mgmL@1. However,
even under saturation conditions (20 mgmL@1 primary anti-
body) the number of localizations detected per mm2 in CRPs
increases only slightly (1.2 fold; Supporting Information,
Figure S8) corroborating the result that each CRP contains at
least about 20 ceramides.

Finally, our data demonstrate that not only the number of
ceramides (Figure 2 d) (from 259: 21 (s.e.m.) to 967: 55
(s.e.m.) localizations per mm2) and quantity of CRPs (1.8: 0.3
to 3.6: 0.7 per mm2) and their dimension increase (Figure 2 e)
but similarly the density of ceramides in CRPs increases
almost twofold after bSMase treatment (Figure 2 f). Hence,
the increased ceramide concentration in CRPs and quantity
of platforms after bSMase treatment might very well change
the solubility of membrane components and thus influence
partitioning of proteins in the plasma membrane. The
accumulation of ceramides in CRPs can likewise promote
local interactions with other membrane components and
potentially change the reactivity of protein receptors.
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3 RESULTS

3.3 Incorporation Studies of Clickable Ceramides in Jurkat Cell

Plasma Membranes

Abstract

"The incorporation properties of ceramide analogues for click chemistry in Jurkat T cells

were investigated. The analogues varied in the acyl chain length and the position of the

functional group for click chemistry. Fluorescence microscopy studies including anisotropy

and quenching experiments showed signi�cant di�erences in the accessibility of the func-

tional group indicating di�erent incorporation properties into the plasma membrane."

[111]
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Incorporation studies of clickable ceramides
in Jurkat cell plasma membranes†

T. Walter, ‡a J. Schlegel, ‡b A. Burgert,b A. Kurz,b J. Seibel*a and M. Sauer*b

The incorporation properties of ceramide analogues for click chemistry

in Jurkat T cells were investigated. The analogues varied in the acyl

chain length and the position of the functional group for click

chemistry. Fluorescence microscopy studies including anisotropy and

quenching experiments showed significant differences in the accessibility

of the functional group indicating different incorporation properties into

the plasma membrane.

Sphingolipid ceramides regulate cellular processes such as differ-
entiation, proliferation, growth arrest and apoptosis. Ceramide-rich
membrane areas promote structural changes within the plasma
membrane which segregate membrane receptors and affect
the membrane curvature and vesicle formation, fusion and
trafficking.1–4 In addition, ceramides play an essential role in
the control of viral and bacterial infections.5,6

A powerful tool to study the signalling pathways and
improve our current understanding of the sphingolipid func-
tion, especially with respect to cell signalling during infection,
is fluorescence microscopy. In a pioneering work, Pagano et al.
used NBD-C6-ceramide as a Golgi marker in 1985.7,8 Since then
different fluorescent sphingolipids have been developed, most
of them with the fluorescent capabilities were derived from
the acylated chain like BODIPY modified C5-DMB-Cer9 and the
corresponding glycolipid analogs.9,10 A fluorescent probe with
limited structural alterations is obtained by acylation of the
polyunsaturated fatty acids,11 albeit the resulting probe exhibits
a rather stiff hydrophobic moiety and limited spectral qualities
compared to other fluorescent dyes. Later on NBD linked to the
end of the sphingosine chain has been successfully used to
assess the binding of potential ligands to the CERT transfer
protein.12 More recently it has been indicated that the ceramide

analogue azido-N-oleoyl serinol can be transported into the Golgi
without cytotoxic effects.9 An alternative tool to localize ceramides
in the plasma membrane of cells by fluorescence microscopy is
the use of specific IgG antibodies.13,14 However, when using
immunolabeling for visualization of membrane components,
cross-linking of antibodies can induce clustering artifacts and
the fixation procedure can alter the distribution of molecules in
the plasma membrane.

A new and efficient approach to visualize ceramides in cells
is the use of bioorthogonal click chemistry.15 It exploits the
tolerance of cells to biomolecules with small modifications. By
introducing a small bioorthogonal linker, the structure of
ceramide analogues differs only slightly from the natural
compounds (Fig. 1). After incorporation into the membrane,
it can be linked covalently to its counterpart (e.g. DBCO Sulfo Cy5),
in a selective and efficient way. With its counterpart linked to a
fluorophore it can be used advantageously for fluorescence micro-
scopic investigations.16–21

Here, we used various azide-functionalized ceramides (Fig. 1)
and studied their incorporation efficiency into the plasma
membrane of Jurkat cells and their accessibility in fluorescence
anisotropy and quenching experiments.

First, we synthesized the functionalized azides CerC6o,
CerC6a, CerC16o, and CerC16a (Fig. 1) which can be conjugated
with DBCO-Sulfo-Cy5 via the [3+2] strain-promoted azide–alkyne
cycloaddition15–21 either before (preclicked) or after (postclicked)
incubation with living human cells. The incorporation efficiency

Fig. 1 Molecular structures of the biorthogonal click system azido func-
tionalized ceramide analogue and alkyne fluorescent dye DBCO Sulfo Cy5
used in this study.
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was then investigated by confocal laser scanning microscopy
(LSM) (Fig. 2).

Both ceramide analogues CerC6o and CerC6a show strong
fluorescence signals predominantly from the plasma membrane
after postclicking with DBCO-Cy5 (Fig. 2A and B). Incubation of
cells with preclicked CerC6o and CerC6a analogues results in
slightly higher fluorescence signals (Fig. 2E and F). In addition,
the preclicked ceramide analogues show a higher tendency to
accumulate in intracellular vesicular structures. In contrast, the
long chain ceramide analogues CerC16o and CerC16a exhibit
different incorporation and/or fluorescence labelling efficiencies.
While the preclicked compounds show a high fluorescence signal
on the plasma membrane and in the intracellular structures
(Fig. 2G and H), a weaker fluorescence intensity is seen in the
LSM images of cells postclicked with CerC16o (Fig. 2D). The LSM
images of postclicked CerC16a (Fig. 2C) show almost no plasma
membrane fluorescence intensity similar to untreated Jurkat cells
after addition of DBCO-Cy5 (Fig. S1, ESI†).

In previous studies, we have shown using mass spectrometry
that the azide-functionalized ceramide analogues are generally
well incorporated into the cells.21,22 This suggests that the click
reaction proceeds with different efficiencies. If the chemical
reactivities of the azides in the alpha positions of CerC6 and
CerC16 and in the omega positions of CerC6 and CerC16
are similar, respectively (Fig. 1), then the accessibility of the
reaction partners represents the limiting factor determining
the click reaction efficiency. Since penetration of DBCO-Cy5
through the cell membrane is inefficient,17 the ceramide analogues
can only react if the azide-functionalized side chain directs outside
the membrane. To verify this hypothesis, we performed fluores-
cence anisotropy measurements of preclicked and postclicked

ceramide analogues. Fluorescence anisotropy experiments provide
information about fluorescence depolarization, i.e. information
about the rotational mobility of the fluorophore. If the fluorophore
is conjugated to the ceramide, then the rotational mobility of the
fluorophore can be used as a measure of the interaction efficiency
of the fluorophore with the membrane and the ceramide structure.
In these experiments, cells were incubated with 25 mM solutions of
the different ceramide compounds for 30 min at 37 1C, washed
and then either directly measured or postlabelled with Cy5 for
7 min (see the ESI†). Time-dependent postlabeling and LSM
fluorescence experiments demonstrate that the clickable
ceramide concentration on the plasma membrane remains
constant during the first 24 min after washing and does not
decrease due to internalization of ceramides (Fig. S2, ESI†).
This result corroborates the finding that preclicked ceramides are
integrated more efficiently into the plasma membrane (Fig. 2).

The steady-state anisotropy of free Cy5 and preclicked
ceramides in aqueous buffer is B0.16 (Fig. S3, ESI†). Incorporated
into the plasma membrane of Jurkat cells, Cy5-CerC6a shows
higher steady-state anisotropy values of 0.27–0.28 independent of
the labelling sequence indicating hindered rotational mobility
of the dye (Fig. 3). Together with the fluorescence intensity data
(Fig. 2) our results indicate that Cy5-labeled and unlabelled
CerC6a is incorporated in a similar way albeit the incorporation
efficiency is higher for the preclicked compound (compare
Fig. 2A and E). Independent of the labelling conditions the
fluorophore reveals hindered rotational mobility due to at least
partial sticking into or interacting with the plasma membrane
of Jurkat cells.

Fig. 2 Confocal laser scanning microscopy (LSM) images of Jurkat cells
with azido-functionalized ceramides incorporated into their plasma membrane.
(A–D) Postclicked ceramides. Cells were incubated with 25 mM (A) CerC6a,
(B) CerC6o, (C) CerC16a or (D) CerC16o for 30 min and then clicked with
25 mM of DBCO-Cy5 for 7 min. Cells fed with CerC6a (A) and CerC6o
(B) show high fluorescence intensities in the plasma membrane whereas only a
weak fluorescence signal is detected for CerC16a (C) and CerC16o (D) incubated
cells (CerC16a o CerC16o). Control experiments in the absence of azido-
functionalized ceramides but with incubation with 25 mM of DBCO-Cy5 show
no fluorescence signal comparable to postclicked CerC16a (Fig. S1, ESI†).
(E–H) Preclicked ceramides. Jurkat cells fed with 25 mM (E) Cy5-CerC6a,
(F) Cy5-CerC6o, (G) Cy5-CerC16a or (H) Cy5-CerC16o for 30 min show
stronger fluorescence signals independent of the ceramide structure.
Green colour is used to show the fluorescence signal at 650 nm to
enhance the contrast. Scale bars: 10 mm.

Fig. 3 Steady-state fluorescence anisotropy azido-ceramides incorpo-
rated into Jurkat cells. Jurkat cells were fed with 25 mM CerC6a, CerC6o,
CerC16a, or CerC16o for 30 min, washed and then either directly mea-
sured (preclicked; grey bars) or postclicked with DBCO-Cy5 (striped bars).
The data represent the mean values with standard errors of two indepen-
dent experiments with five measurements each. The steady-state aniso-
tropy measured for free Cy5 and pre-clicked ceramides in Hank’s buffered
salt solution (HBSS) of B0.16 (ESI†, Fig. S1) is set as a lower level.
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On the other hand, the steady-state anisotropy values of
postclicked and preclicked Cy5-CerC6o of B0.20 and B0.23,
respectively, indicate only slightly hindered rotational mobility.
This finding implies that the C6 o-chain sticks out of the
plasma membrane most of the time, enabling more or less
unhindered rotational mobility of the fluorophore. Only for
preclicked Cy5-CerC6o the dye tends to stick slightly more into
the membrane. That is, the azide group of CerC6o sticks out of
the plasma membrane most of the time, where it is accessible
for postclicking with DBCO-Cy5 (Fig. 2B). In the case of the
preclicked compound, the polymethine dye structure itself
might well promote the incorporation efficiency of the C6
ceramide chain resulting in a higher steady-state anisotropy.

To rule out corruption of the measured steady-state fluorescence
anisotropy values by homo-FRET between the fluorophores23 we
performed control experiments at different ceramide concentra-
tions. However, steady-state anisotropy values measured for cells
labelled with preclicked Cy5-CerC6o are constant in the concen-
tration range of 2.5–25 mM. This result demonstrates that the
reduced anisotropy values measured for CerC6o are not caused
by homo-FRET between identical fluorophores.

The low fluorescence intensities recorded for postclicked
CerC16a and CerC16o indicate that the azide groups are
shielded in the plasma membrane most of the time and are
thus inaccessible for clicking with DBCO-Cy5 (Fig. 2). Only for
postclicked CerC16o (Fig. 2D) the labelling efficiency is good
enough to enable anisotropy experiments (Fig. 3). The measured
steady-state anisotropy of B0.24 supports the idea that clicking
with DBCO-Cy5 succeeds only for those ceramides where the
alkyl chain with the azide group sticks out of the membrane.
Consequently, the resulting anisotropy indicates only slightly
hindered rotational mobility of the fluorophore.

On the other hand, preclicked CerC16a and CerC16o are
well incorporated and exhibit steady-state fluorescence aniso-
tropy values of 0.32 and 0.37, respectively (Fig. 3). This implies
that the fluorophores are embedded in the plasma membrane
most of the time and exhibit at least in the case of CerC16o an
almost stationary emission dipole moment.

To verify the obtained information about the positons of
the fluorophores and their resulting rotational mobility, we
performed additional fluorescence quenching experiments of
Cy5-ceramides incorporated into Jurkat cells with the reductant
tris(2-carboxyethyl) phosphine (TCEP) (Fig. S4, ESI†). TCEP
does not penetrate into the plasma membrane and reacts with
cyanine dyes spontaneously to form a non-fluorescent adduct
by 1,4-addition to the g-carbon on the polymethine bridge
of cyanine dyes.24 Thus, the measured quenching efficiency
ideally directly reflects the accessibility of the fluorophore
for collisions with the quencher TECP. The obtained results
(Fig. S5, ESI†), however, are more difficult to interpret. They
demonstrate that the postclicked ceramides CerC6a and
CerC6o show higher quenching efficiencies than the preclicked
compounds (Fig. S5, ESI†) most probably because they are
easier to access by the quencher. The fact that the lowest
quenching efficiency is measured for the fluorophore attached
to the o-azide in the preclicked ceramides Cy5-CerC6o and

Cy5-CerC16o is in agreement with the steady-state anisotropy
measured for Cy5-CerC16o but, unfortunately, it is in contrast
to the value measured for CerC6o (Fig. 3). The reason for this
discrepancy has to be clarified in future experiments.

To summarize, our fluorescence imaging and steady-state
anisotropy data demonstrate that preclicked ceramides are all
very efficiently incorporated into the plasma membrane of
Jurkat cells. In addition, especially preclicked analogues tend
to accumulate in intracellular vesicular structures (Fig. 2). Further-
more, the preclicked ceramides exhibit a higher steady-state
anisotropy in Jurkat cells than the corresponding postclicked
molecules. This implies that depending on the chain length and
the position of the coupling group the fluorophore sticks onto or
into the plasma membrane, which is reflected in a moderate to
high rotational immobility and accessibility of external quenchers
(Fig. 4).

On the other hand, experiments with the corresponding
unlabelled ceramides demonstrate that the azide group of the
two CerC16 compounds is most of the time inaccessible for
clicking with DBCO-Cy5 independent of the position of the
functional group (Fig. 2). Both the a and o azide groups in the
two CerC6 derivatives can be labelled efficiently after incorpora-
tion demonstrating that they stick out of the membrane most
of the time (Fig. 4).

Our studies highlight the differences in the cell membrane
incorporation properties and efficiencies of ceramide analogues
and their biorthogonal chemical reactions with fluorescent
probes. Our results also show that the equilibria between the
inserted and outside directed side chains of sphingolipids in cell
membranes can be followed by combining click chemistry,
fluorescence microscopy, fluorescence anisotropy and fluores-
cence quenching experiments.

This study was funded through the Deutsche Forschungs-
gemeinschaft (DFG, grant SA829/16-2 to M. S. and grant
SE1410/6-2 to J. S.).
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3 RESULTS

3.4 CD56 is a Pathogen Recognition Receptor on Human

Natural Killer Cells

Abstract

"Aspergillus (A.) fumigatus is an opportunistic fungal mold inducing invasive aspergillo-

sis (IA) in immunocompromised patients. Although antifungal activity of human natural

killer (NK) cells was shown in previous studies, the underlying cellular mechanisms and

pathogen recognition receptors (PRRs) are still unknown. Using �ow cytometry we were

able to show that the �uorescence positivity of the surface receptor CD56 signi�cantly

decreased upon fungal contact. To visualize the interaction site of NK cells and A. fumi-

gatus we used SEM, CLSM and dSTORM techniques, which clearly demonstrated that

NK cells directly interact with A. fumigatus via CD56 and that CD56 is re-organized and

accumulated at this interaction site time-dependently. The inhibition of the cytoskele-

ton showed that the receptor re-organization was an active process dependent on actin

re-arrangements. Furthermore, we could show that CD56 plays a role in the fungus medi-

ated NK cell activation, since blocking of CD56 surface receptor reduced fungal mediated

NK cell activation and reduced cytokine secretion. These results con�rmed the direct in-

teraction of NK cells and A. fumigatus, leading to the conclusion that CD56 is a pathogen

recognition receptor. These �ndings give new insights into the functional role of CD56 in

the pathogen recognition during the innate immune response." [112]

The following manuscript was published on July 21st, 2017 in Scienti�c Reports and

permission for legal second publication within this thesis was kindly granted from both

the publishers and the co-authors.
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CD56 Is a Pathogen Recognition 
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Aspergillus (A.) fumigatus is an opportunistic fungal mold inducing invasive aspergillosis (IA) in 
immunocompromised patients. Although antifungal activity of human natural killer (NK) cells was 
shown in previous studies, the underlying cellular mechanisms and pathogen recognition receptors 
(PRRs) are still unknown. Using flow cytometry we were able to show that the fluorescence positivity of 
the surface receptor CD56 significantly decreased upon fungal contact. To visualize the interaction site 
of NK cells and A. fumigatus we used SEM, CLSM and dSTORM techniques, which clearly demonstrated 
that NK cells directly interact with A. fumigatus via CD56 and that CD56 is re-organized and 
accumulated at this interaction site time-dependently. The inhibition of the cytoskeleton showed that 
the receptor re-organization was an active process dependent on actin re-arrangements. Furthermore, 
we could show that CD56 plays a role in the fungus mediated NK cell activation, since blocking of CD56 
surface receptor reduced fungal mediated NK cell activation and reduced cytokine secretion. These 
results confirmed the direct interaction of NK cells and A. fumigatus, leading to the conclusion that 
CD56 is a pathogen recognition receptor. These findings give new insights into the functional role of 
CD56 in the pathogen recognition during the innate immune response.

Invasive aspergillosis (IA), primarily caused by the mold Aspergillus fumigatus, is a devastating disease in immu-
nocompromised patients suffering from hematological malignancies or undergoing allogeneic hematopoietic 
stem cell transplantation (HSCT)1. The mortality rate of HSCT patients diagnosed with IA ranges from 60–90%2 
and the prognosis for long-term survival is extremely poor3. Recently, it was shown that HSCT patients with prob-
able/proven IA had a delayed reconstitution of natural killer (NK) cells for more than a year post HSCT4. In addi-
tion, patients with severe IA were found to have a lower NK cell count compared to patients with well-controlled 
IA, suggesting that NK cells play a critical role in immunity to IA.

NK cells comprise 5–15% of the peripheral blood mononuclear cells (PBMCs) in healthy individuals and 
belong to the innate immune system5. Upon activation, NK cells release immune regulatory cytokines to stimu-
late other immune cells and display cytotoxicity directed against tumor or virus-infected cells by granule release5. 
NK cells are defined as CD56 positive and CD3 negative cells and can be distinguished into CD3−CD56dimCD16+ 
and CD3−CD56brightCD16− cells. While CD56dim cells are more cytotoxic, CD56bright cells produce high levels of 
cytokines such as IFNγ and TNFα6. The function of NK cells is induced by the interplay of inhibitory and activat-
ing receptors7, leading to cytotoxicity directed against tumors and virus-infected cells. Besides the recognition of 
these cells, NK cells also recognize other infectious pathogens, become activated, and as a response induce either 
lysis of these pathogens or trigger activation of other immune cells by cytokine release8–10. Consequently, an 
important role of NK cells in the response to several fungal pathogens, including A. fumigatus, Candida albicans, 
Cryptococcus neoformans and Mucorales has been demonstrated8, 11–16.
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Previous studies demonstrated that NK cells are activated by direct interaction with A. fumigatus germ tubes 
and hyphae11, 14. Upon activation NK cells release cytotoxic granules containing granzyme and perforin, which 
damage A. fumigatus hyphae14. Direct contact with A. fumigatus germ tubes induces IFNγ release of NK cells 
which interferes with fungal metabolic activity and growth11. Furthermore, studies in a neutropenic IA mouse 
model demonstrated that NK cell recruitment is essential for the clearance of the fungal infection and that IFNγ 
release by NK cells is critical for the immune defense during IA17, 18. Although NK cells have been shown to play a 
crucial role in host - pathogen interaction during A. fumigatus infection, the underlying mechanism and the NK 
cell recognition receptors have not been identified to date.

In this study, we examined the NK cell-A. fumigatus interaction to determine the PRR responsible for A. 
fumigatus recognition. None of the tested NK cell activating receptors demonstrated any changes in their 
expression levels on the cell surface when exposed to A. fumigatus. However, a significant reduction of CD56 
fluorescence positivity of NK cells was observed upon contact with A. fumigatus germ tubes. Scanning elec-
tron microscopy (SEM), confocal laser scanning microscopy (CLSM) and direct stochastic optical reconstruction 
microscopy (dSTORM)19, 20 were used to visualize the direct interaction of NK cells with A. fumigatus hyphae. We 
were able to demonstrate that CD56 was accumulating at the direct interaction site of NK cells with the fungus 
and that this re-organization of CD56 was dependent on the actin-cytoskeleton re-arrangement. Furthermore, 
we showed that blocking of CD56 reduced NK cell activation and partially restored CD56 fluorescence positivity 
of NK cells suggesting that CD56 is one recognition receptor for A. fumigatus.

Results
NK cell receptors are not altered in their expression while CD56 fluorescence positivity is sig-
nificantly decreased upon fungal contact.  To identify possible NK cell PRRs, the expression of several 
NK cell activating receptors and of the A. fumigatus PRRs TLR-2, TLR-4 and Dectin-121–23 were analyzed in 
the presence of A. fumigatus after differenct incubation times using flow cytometry. Importantly, no difference 
in the expression of the mentioned receptors was noticed (Supplementary Fig. 1). Even so, NKp30 has been 
described as a PRR for fungal pathogens8, 24, no significant changes were detected in the presence of A. fumigatus 
(Supplementary Fig. 1).

CD56 used in combination with CD3 is a well-known characterization marker to distinguish NK cells from 
other immune cells such as T-cells or monocytes25, 26. Surprisingly, we detected a prominent reduction of CD56 
fluorescence positivity of NK cells after co-cultivation with A. fumigatus germ tubes compared to control NK 
cells (Fig. 1a and Supplementary Fig. 2). Additionally, NK cells were observed to upregulate the CD69 receptor 
(Fig. 1b) upon fungal contact, indicating NK cell activation27. Interestingly, reduction of CD56 fluorescence pos-
itivity of NK cells started as early as 2 h post incubation (Fig. 1c).

To evaluate whether this effect was dependent on the fungal MOI, we investigated the decrease of CD56 fluo-
rescence positivity of NK cells at different MOIs 6 h after co-cultivation. A significant decrease of CD56 fluores-
cence positivity of NK cells (71.9%) was observed at a MOI of 0.1 compared to control NK cells (97%) (Fig. 1d).

A potential mechanism that could provoke down-regulation of protein expression on the cell surface is apop-
tosis. Mycotoxins produced by A. fumigatus are not only able to inhibit DNA and RNA synthesis in affected cells, 
but can also induce apoptosis by cell membrane alterations28. To investigate whether the reduction of CD56 fluo-
rescence positivity of NK cells was caused by the induction of apoptosis, NK cells were stained with Annexin V to 
identify apoptotic NK cells. NK cells confronted with A. fumigatus germ tubes for 9 h showed a reduction of CD56 
fluorescence positivity (Fig. 2a), while only a few NK cells were both, CD56 negative and Annexin V positive. 
However, the CD56 negative NK cells were mostly negative for Annexin V (54.6%), indicating that apoptosis is 
not induced in these cells (Fig. 2a).

To better understand the mechanism of CD56 reduction, we determined CD56 gene expression in NK cells 
confronted with A. fumigatus germ tubes for different incubation times. In the control experiments the expres-
sion of CD56 mRNA was time-dependently increased after treatment with IL-15 and IL-2 (Fig. 2b) whereas the 
expression of CD56 mRNA in NK cells co-cultivated with A. fumigatus was not altered (Fig. 2b). These results 
indicated that gene expression was not differentially regulated by exposure to A. fumigatus and that a different 
mechanism is responsible for the reduction of CD56 positive NK cells.

To study potential CD56 shedding upon contact of NK cells with A. fumigatus, cell culture supernatants were 
collected from co-cultures after 3, 6, 9 and 12 h and the supernatants were tested for CD56 by ELISA. The level 
of CD56 in the supernatant was observed to be equal or below the smallest standard for all samples and no 
significant changes in CD56 levels were detected at any of the incubation times of the co-culture experiments 
(Fig. 2c). Thus, CD56 shedding from the cell surface during NK cell-A. fumigatus interaction could be excluded 
as a possible mechanism.

To investigate whether CD56 was internalized upon contact with A. fumigatus, NK cells were co-cultured with 
A. fumigatus germ tubes for 6 h before CD56 was surface- and intracellularly-labeled. CD56 on the cell surface 
of NK cells cultured with germ tubes was significantly reduced compared to control NK cells while the intracel-
lular CD56 signal did not change (Fig. 2d). Even when intracellular CD56 signal was measured after preceding 
trypsination of surface receptors, CD56 levels did not change (Supplementary Fig. 4). The protein concentration 
of CD56 was evaluated to investigate whether CD56 protein was degraded or protein synthesis was inhibited 
in NK cells exposed to A. fumigatus potentially due to the release of mycotoxins28. Cells were harvested after 
co-culture with A. fumigatus for 4 h, and protein lysates were subsequently prepared for western blot analysis. The 
signal of the CD56 protein in A. fumigatus treated NK cells was comparable to the one of control NK cells (Fig. 2e, 
Supplementary Fig. 3). Since we detected a decrease in CD56 fluorescence positivity of NK cells but not by west-
ern blotting, we concluded that this effect might be the consequence of fewer antigen-antibody interactions due 
to sterical problems.
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NK cells directly interact with live A. fumigatus and CD56 is re-organized to the interaction 
site via actin filaments.  NK cells were shown to release IFNγ and perforin upon direct contact with A. 
fumigatus11, 14, thus we investigated the role of direct contact on the reduction of CD56 fluorescence positivity of 
NK cells.

Co-cultures were prepared, separating NK cells and A. fumigatus germ tubes with transwell permeable mem-
branes. The membranes were small enough to prohibit the contact of cells and A. fumigatus but large enough for 
molecules such as cytokines or mycotoxins to diffuse into the lower compartment. Expression of CD56 and CD69 
on the surface of NK cells was determined after a 6 h cultivation. As a positive control, IL-15 and IL-2 were added 
to the transmembrane system to activate NK cells (Fig. 3a). Separation of A. fumigatus germ tubes and NK cells 
by the transwell membrane did not induce NK cell activation, nor was CD56 fluorescence positivity of NK cells 
reduced (Fig. 3a). These results demonstrate that the reduction of CD56 fluorescence positivity of NK cells was 
not mediated via a fungal-derived soluble factor but was depended on direct contact with A. fumigatus.

To determine whether the decrease of CD56 fluorescence positivity of NK cells was regulated by the interac-
tion with live germ tubes, NK cells were co-cultivated with inactivated A. fumigatus germ tubes, inactivated C. 
albicans, and live A. fumigatus germ tubes. NK cells exhibit cytotoxicity against tumor cells and become activated 
upon contact with these cells29, therefore NK cells cultivated in the presence of the cancer cell line K562 served 
as a positive control. Cells were incubated for 12 h with the different targets. Then, CD56 and CD69 fluorescence 
positive cells were determined. K562 cells induced a significant activation of NK cells that was comparable to 
the activation of NK cells treated with IL-15 and IL-2, but showed no decrease of CD56 (Fig. 3b). Inactivated 
C. albicans and A. fumigatus did not induce the reduction of CD56 fluorescence positivity nor activate NK cells 
(Fig. 3b). Live A. fumigatus germ tubes activated NK cells and significantly reduced the number of CD56 fluo-
rescence positive NK cells (Fig. 3b), suggesting that the decrease of CD56 fluorescence positivity of NK cells was 
only induced by live A. fumigatus.

From these experiments we hypothesized that CD56 interacts as a recognition receptor with A. fumigatus.
A further potential mechanism hypothesized for the reduction of CD56 fluorescence positivity of NK cells 

upon contact with A. fumigatus germ tubes is that CD56 acts as an interaction receptor for A. fumigatus. SEM, 
CLSM and dSTORM microscopy were used to determine whether or not human NK cells interact directly with 
A. fumigatus hyphae and if CD56 is re-located during this interaction. NK cells were cultured alone or in the 

Figure 1.  Reduction in CD56 positivity after fungal contact. NK cells were treated with 500 U/ml IL-15 and 
IL-2 (Pos. Ctrl.), with A. fumigatus germ tubes (AF GT, MOI 0.5) or left untreated (Ctrl.) for different periods of 
time. Flow cytometry was performed to analyze (a) CD56 expression (n = 4), (b) CD69 expression (n = 5), (c) 
time dependent down-regulation of CD56 (n = 5) and (d) CD56 expression after treatment with different MOIs 
of A. fumigatus germ tubes (AF GT, n = 3). NK cells were incubated for 3, 6, 9 and 12 h to determine (a) CD56 
and (b) CD69 expression. To determine the time dependent down-regulation of CD56 NK cells were incubated 
for 0.5, 1, 1.5, 2, 2.5 and 3 h (c). To assess the effect of different fungal MOIs NK cells were incubated for 6 h (d). 
NK cells were defined as NKp46+CD3−. Data are represented as mean + SEM. Significant differences were are 
marked with an asterisk (*p < 0.05, ***p < 0.005, ****p < 0.001).
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presence of A. fumigatus germ tubes for 3 h and SEM pictures were taken from NK-A. fumigatus co-cultures. 
In fact, NK cells were observed interacting directly with A. fumigatus, and the interaction site was mostly at the 
hyphal part of the fungus (Fig. 4). We observed a close interaction of NK cells with A. fumigatus suggesting that 
NK cells recognize the fungus via specific receptors.

To further confirm this observation and the possibility that CD56 is a recognition receptor we performed 
CLSM and super-resolution dSTORM microscopy. After the cultivation of NK cells in the presence of A. fumiga-
tus for different incubation times, CD56 localization was determined. Indeed, NK cells incubated with A. fumig-
atus revealed a strong CD56 signal at the contact site whereas other parts of the plasma membrane exhibited 
only a weak signal (Fig. 5b,d–f). In contrast, the CD56 fluorescence signal in control NK cells was homogenously 
distributed on the plasma membrane (Fig. 5a,c). 3D-dSTORM analysis revealed a concentration of CD56 flu-
orescence at the interaction site and in lanes surrounding the interaction site (Fig. 5e,f; Video 1). We further 
observed that CD56 relocalization occurs in a time dependent manner (Fig. 6a). At 3 h and 6 h after initiation of 
co-culture, CD56 signal is observed at the fungal interface and still ubiquitously distributed in the remaining NK 
cell membrane which is not interacting with the fungus. At 9 h and 12 h, the CD56 signal is detected at the fungal 
interface but not in the remaining NK cell membrane anymore (Fig. 6a). To proof the result that the interaction 
site is increasing time dependently, we measured the length and amount of CD56 stained interaction sites after 

Figure 2.  CD56 reduction is not induced by apoptosis, deregulation of protein and gene expression. NK 
cells were either treated with 500 U/ml IL-15 and IL-2 (Pos. ctrl.), with A. fumigatus germ tubes (AF GT, 
MOI 0.5) or left untreated (Ctrl.). (a) Induction of apoptosis was determined 9 h after co-cultivation and (b) 
mRNA/transcript expression after different incubation times was quantified by real-time RT-qPCR. (c) CD56 
withdrawal was analysed by ELISA. (d) Intracellular and membranous CD56 expression was analysed by flow 
cytometry 6 h after co-cultivation, representative data of three independent experiments. Red line: NK cells 
(Ctrl.); blue line: NK cells treated with IL-15 and Proleukine (Pos. ctrl.); orange line: NK cells treated with A. 
fumigatus (AF GT). (e) Protein concentrations were visualized by western blot analyses 4 h after co-cultivation. 
Blots were cropped and image processing was performed by Adobe Photoshop software. Representative data of 
five independent experiments. Data of (a–c) are represented as mean + SEM for (a) n = , (b) n = and (c) n = 3). 
Significant differences are marked with an asterisk (***p < 0.005).
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3, 6, 9, and 12 h of co-culture, respectively. Indeed, the highest counts and the greatest lengths of interaction sites 
were detectable after 12 h of co-cultivation (Supplementary Fig. 5), confirming that CD56 is re-localized to the 
fungal interface in a time dependent manner. To elucidate whether CD56 is directly interacting with the fungus or 
if CD56 accumulation at the fungal interface is mediated by indirect mechanisms, we co-cultured live A. fumiga-
tus germ tubes with different concentrations of soluble CD56 protein for 6 h and afterwards stained the samples 
with a fluorescent anti-CD56 antibody (Fig. 6b). As a control, A. fumigatus germ tubes were cultured alone and 
were stained with fluorescent anti-CD56 antibody to exclude the possibility of unspecific antibody binding to the 
fungus (Fig. 6b). In contrast to the negative control, incubation of A. fumigatus with soluble CD56 resulted in a 
staining of fungal structures after incubation with anti-CD56 antibody (Fig. 6b). These experiments showed that 
CD56 is time-dependently relocalized to the fungal interface and directly binds the fungus.

It is well known that NK cells encounter the cytoskeleton when they recognize and lyse target cells30. While 
the actin cytoskeleton plays a role in the early recognition of target cells and enables receptor reorganization30, cell 
lysis occurs to later time points and is mediated by the transport of lytic granules to the target interface via micro-
tubules30. To investigate whether the actin or the microtubule cytoskeleton plays a role in the re-organization 
of CD56, we treated NK cells with either actin or microtubules inhibiting agents and then co-cultured NK cells 
with A. fumigatus germ tubes for 0, 3, 6, and 9 h, respectively. Cytochalasin D is preventing actin polymerization 
and elongation by binding to existing actin filaments31, whereas colchicine binds to soluble tubulin dimers and 
thereby inhibits microtubule polymerization32 and thus prevents the transport of granules to the membrane33. 
NK cells treated with cytochalasin D compared to control NK cells did not show any differences in the CD56 
fluorescence positivity of NK cells (Fig. 7a). However, when NK cells were challenged with the fungus we detected 
significantly less CD56 reduction of fluorescence positivity in cytochalasin D treated samples compared to con-
trols, concluding that relocalization of CD56 is inhibited (Fig. 7a).

In contrast, treatment with colchicine did not result in any increase of the CD56 fluorescence positivity of NK 
cells in the presence of fungus compared to untreated NK cells (Fig. 7b).

Figure 3.  Reduction of CD56 is a result of the direct fungal contact. (a) NK cells were separated from fungal 
germ tubes (AF GT, MOI 0.5), medium supplemented with 500 U/ml IL-15 and IL-2 (Pos. ctrl) or medium 
(Ctrl.) by a transwell membrane (n = 3). (b) NK cells were cultured alone (Ctrl.), with 500 U/ml IL-15 and IL-2 
(Pos. ctrl.), with K562 at an effector to target ratio of 5:1 (K562), with inactivated C. albicans (inact. CA, MOI 
0.5) and with live and inactivated A. fumigatus germ tubes (AF GT, inact. AF GT, MOI 0.5, n = 6). Data are 
represented as mean ± SEM. Significant differences are marked with an asterisk (**p < 0.01, ***p < 0.005).

Figure 4.  Direct contact with A. fumigatus hyphae. NK cells-A. fumigatus 3 h co-culture specimens were 
inspected with a field emission SEM using a detector for secondary electrons at 5 kV and a magnification of 
×10,000. Representative result of two independent experiments performed in duplicates. Picture (b) is a zoom 
in of (a), illustrating the interaction site of NK cells with A. fumigatus hyphae. Scale bar for (a–c): 1 µm.
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Consequently, inhibition of actin polymerization but not inhibition of the microtubules impaired CD56 
re-localization to the fungal interaction site concluding that CD56 plays a role in the early fungal recognition.

To further functionally analyze the role of CD56, we blocked CD56 on the NK cell surface using an anti-CD56 
blocking antibody before co-cultivation of NK cells with A. fumigatus germ tubes for 9 h (Fig. 7c). The blocked 
CD56 receptor was still recognized by the flow cytometric antibody directed against CD56, since NK cells treated 
with the blocking antibody displayed the same percentage of CD56 positivity as unblocked NK cells (Fig. 7c). In 
the presence of the fungus, CD56 blocking restored the number of CD56 fluorescence positive NK cells to 55% 
after fungal co-culture compared to 20% when CD56 was not blocked (Fig. 7c). Interestingly, treatment with 
CD56 blocking antibody significantly decreased the fungal-induced activation of NK cells (13.3%) compared to 
NK cells on which CD56 was not blocked (18.5%) (Fig. 7c).

To further characterize the effects on CD56 blocking in the NK cell response to the fungus, culture super-
natants from CD56 blocked and unblocked NK cells were analyzed by multiplex immunoassay (Fig. 7d–f). 
Challenging unblocked NK cells with A. fumigatus provoked a significant induction in the secretion of mac-
rophage inflammatory protein (MIP)-1α (CCL3) and RANTES (CCL5) while MIP-1β showed a tendency 
(p = 0.067) to be higher secreted after fungal stimulation (Fig. 7d–f). This fungal mediated cytokine secretion was 
reduced when CD56 was blocked on the NK cell surface compared to the unblocked NK cells in the presence of 
the fungus. We detected no significant differences between CD56 blocked NK cells with and without fungal stim-
ulation (Fig. 7d–f). Indeed, we further observed a significant reduction for MIP-1α secretion in CD56 blocked 
NK cells challenged with the fungus compared to unblocked NK cells in the presence of the fungus (Fig. 7d). 
These blocking experiments verified the functional role of CD56 confirming that CD56 is a recognition receptor 
for A. fumigatus.

Reduction of CD56 fluorescence positivity is detectable in the presence of other Aspergillus 
species.  To investigate whether CD56 fluorescence positivity of NK cells was also reduced in the presence of 
other Aspergillus species, pre-stimulated NK cells were cultured with A. niger, A. clavatus, A. flavus and A. fumig-
atus germ tubes for 6 h. Expression of CD56 and CD69 was then determined using flow cytometry. All Aspergillus 
species tested induced a reduction of CD56 (Fig. 8a). However, NK cells confronted with A. fumigatus germ tubes 
displayed a significantly higher decrease of CD56 fluorescence positivity of NK cells compared to A. niger, A. 
flavus and A. clavatus (Fig. 8a). NK cells co-cultivated with A. fumigatus, A. flavus and A. clavatus displayed an 
increase in the CD69 expression indicating NK cell activation whereas NK cells treated with A. niger showed a 

Figure 5.  CD56 re-organization to the interaction site. NK cells and NK cells-A. fumigatus co-cultures were 
visualized with (a,b) CLSM, (c,d) 2D dSTORM, and (e,f) 3D dSTORM after staining with anti-CD56. NK cells 
were either left untreated (a,c) or incubated with A. fumigatus germ tubes (MOI 0.5) for 3 h (b,d–f). (b) Auto 
fluorescence was recorded to visualize NK cell-A. fumigatus interaction. Transmitted light pictures (ci, di), (e), 
widefield fluorescence images (cii, dii), and dSTORM images (ciii, diii) of the interaction site were compared. 
In (f) the x-y projection of a reconstructed 3D dSTORM image is given which is color coded in z. (e) The 
transmitted light picture is a zoom out of (f) illustrating two NK cells which interact with A. fumigatus. Scale 
bars: 1.5 μm (c, dii,iii), 2 μm (b,f), 3 μm (a,e), 4 μm (di), and 5 μm (b). 3D stack showing interaction site of NK 
cell and A. fumigatus (e,f). NK cells were incubated for 3 h with A. fumigatus, thereafter stained with anti CD56-
Alexa Fluor 647, and visualized in 3D.
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decrease in CD69 expression compared to control NK cells (Fig. 8b). These results suggest that Aspergillus species 
express a specific molecule on their surface recognized by CD56 on NK cells.

Discussion
This study is the first to visualize the direct interaction of NK cells and A. fumigatus and to show that CD56 
has a functional role during fungal recognition. NK cells can recognize fungal pathogens and induce their 
lysis8–10, 12. Besides their antifungal activity towards C. albicans, C. neoformans, Paracoccidioides brasiliensis34 and 
Coccidioides immitis35, it was shown that NK cells recognize A. fumigatus and display antifungal activity directed 
against the hyphae11, 14. However, the mechanism of this interaction is still poorly understood.

Previous studies demonstrated that NK cells form direct conjugates with C. neoformans35, 36 and that NKp30 
and NKp46 act as fungal PRR8, 24. These publications and our previous studies11 suggested that the interaction of 
NK cells and A. fumigatus is mediated by a PRR. Unexpectedly, neither experimentally tested NK cell activating 
receptors nor the known fungal recognizing receptor NKp30 were modulated upon co-culture with A. fumiga-
tus. Surprisingly, we observed a striking decrease of CD56 fluorescence positivity on the NK cell surface upon 
exposure to the fungus. By quantifying the NCAM/CD56 protein concentration in the supernatant of NK cells-A. 
fumigatus co-cultures, we could exclude that NCAM/CD56 was neither shed from the cell surface nor was the 
secreted isoform of NCAM/CD56 expressed.

Mycotoxins have an impact on the mRNA and protein expression of host cells but our analyses clearly showed 
that the secreted mycotoxins have no influence on the expression level of CD56 on transcriptome and protein 
level of NK cells.

On neuronal cells, NCAM/CD56 can be endocytosed and is then mostly recycled to the cell surface whereas a 
minority of the endocytosed NCAM/CD56 is degraded37. Analyses showed that NCAM/CD56 was not internal-
ized upon contact with A. fumigatus. Thus, we speculated about a potential binding of CD56 to the fungus that is 
masking the molecule as it was seen as well for NKp30 in the studies of Li et al.8. Indeed, we were able to show a 
direct interaction of NK cells with live A. fumigatus by SEM, CLSM and super-resolution dSTORM microscopy, 
which showed that NCAM/CD56 distribution on the NK cell surface markedly changed after fungal contact. 
In addition, NCAM/CD56 re-location was observed until the complete CD56 signal was detected at the fungal 
interaction site and the lengths and amounts of the interaction site increased over time (Supplemetary Fig. 4). 

Figure 6.  Time course of the NK cell-A. fumigatus interaction and direct binding of CD56 to the fungus. (a) 
NK cells were cultured with A. fumigatus germ tubes (MOI 0.5) for 3, 6, 9 and 12 h. CLSM pictures were taken 
from these co-cultures. (b) Fungal hyphae were incubated for 6 h with 0, 1, 5, and 10 μg/ml soluble CD56 and 
were afterwards stained with anti-CD56 antibody. Alexa 647-labeled anti-CD56 antibody was used to visualize 
the distribution of CD56, while germ tubes could be detected via their auto fluorescence. Scale bars represent 
5 μm (a) and 30 µm (b).
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Figure 7.  CD56 mediated fungal recognition is dependent on actin and CD56 blocking inhibits NK cell 
function. NK cells were incubated with (a) cytochalasin D (Cyt. D, n = 4), (b) colchicine (Col., n = 3) and (c) 
CD56 blocking antibody (bAb, n = 4) prior to co-cultivation with the fungus (AF GT). Percentage of CD56 
positive cells was determined after an incubation with the fungus for 0, 3, 6, and 9 h. A paired student’s t-test was 
performed to compare NK + ctrl + AF GT against NK + CytD + AF GT or NK + Col + AF GT (a,b). Control 
samples were cultured in the presence of the corresponding control solution. Percentage of CD56 and CD69 
positive cells was assessed after a co-cultivation for 9 h. CD56 and CD69 expression was analysed using flow 
cytometry. NK cells were defined as NKp46+CD3−. Supernatants derived from CD56 blocking experiments 
were analysed by ProcartaPlexTM multiplex immunoassays (n = 4, d–f). The concentration of (d) MIP-1α, 
(e) MIP-1β and (f) RANTES detectable in supernatants is displayed in pg/ml. A paired student’s t-test was 
performed to compare (c) NK + AF GT against NK + bAb + AF GT and (d–f) NK against + AF GT and + AF 
GT against + bAb AF GT. Data are represented as mean ± SEM. Significant differences are indicated by an 
asterisk (*p < 0.05, ****p < 0.001).

Figure 8.  The reduction of CD56 is not as stringent for other Aspergillus species as it is for A. fumigatus. 
Primary NK cells were pre-treated overnight with IL-2 (1000 U/ml). Pre-treated NK cells were cultured in 
the presence of germ tubes of A. fumigatus, A. niger, A. flavus or A. clavatus at MOI 0.5, or were left untreated 
(Ctrl.) for 6 h. NK cells treated with 500 U/ml IL-15 and IL-2 served as control for NK cell activation (Pos. 
ctrl.). The expression of CD56 (a) and CD69 (b) was analysed using flow cytometry. NK cells were defined as 
NKp46+CD3−. Data are represented as mean of the geometric mean fluorescence intensity (GeoMFI) + SEM 
of n = 4 independent experiments. Significant differences between AF GT treated NK cells and NK cells treated 
with the other Aspergilli are indicated by an asterisk (*p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.001).
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Furthermore, we could exclude that CD56 is shed from the NK cell surface and bound to A. fumigatus by CLSM 
microscopy. In NK cells-A. fumigatus co-cultures we were not able to detect any CD56 outside of the interaction 
site with NK cells. NCAM/CD56 positive NK cells were also decreased in the presence of other Aspergillus species 
but less when compared to A. fumigatus suggesting that A. fumigatus is expressing a CD56 ligand with a higher 
abundance.

CD56 was identified as the 140 kDa isoform of the human neural-cell adhesion molecule (NCAM)25. Two 
isoforms (140 kD and 180 kD) of NCAM show transmembrane binding and have intracellular domains while the 
120 kD isoform has a glycosyl-phosphatidylinositol membrane anchor but no intracellular domains38. While the 
three isoforms have different C-termini, the N-terminal extracellular domains are identical in all three isoforms39. 
Therefore, we used the 120 kD isoform to test whether CD56 is directly interacting with A. fumigatus. By micros-
copy, we showed that soluble CD56 directly binds in a concentration dependent manner to growing A. fumigatus 
structures, confirming our previous observations and hypothesis.

Blocking of CD56 did not only reduce fungal mediated NK cell activation but further inhibited the amount 
of secreted cytokines. Chemokines like MIP-1α (CCL3), MIP-1β (CCL4), and RANTES (CCL5) are secreted 
by human blood NK cells40, 41. CCL3, 4, and 5 modulate the migratory behavior of leukocytes and their impor-
tance in cryptococcal infections was highlighted by the study from Huffnagle and McNeil (1999)42. Huffnagle 
and McNeil showed that depletion of either MIP-1α or the common MIP-1α, MIP-1β and RANTES receptor 
CCR5 conferred to a higher fungal burden and inhibited leukocyte recruitment in the central nervous system of 
knockout mice42. The role of the CCR5 ligands CCL3, 4, and 5 was also highlighted in another study that reported 
an abolished NK cell accumulation at sites of infection in CCR5−/− mice43. Detection of fewer levels of MIP-1α, 
MIP-1β, and RANTES in supernatants derived from samples in which NK cells were blocked with CD56 and 
challenged with the fungus compared to co-cultures in which CD56 was not blocked is suggesting a crucial role 
for these chemokines and NK cells in the immune response directed against the fungus.

Based on these results and the previous publications we conclude that CD56 is involved in the secretion of CCL3, 
4, and 5 to recruit further leukocytes such as NK cells, monocytes and neutrophils to sites of A. fumigatus infections.

Recently, Mace et al. demonstrated that CD56 is accumulated at the developmental synapse which is formed 
at stromal cells and that CD56 is co-localized with F-actin44. Showing that CD56 re-localization is dependent on 
the actin cytoskeleton, we could confirm the findings of Mace et al.44 leading to the suggestion that CD56 plays a 
crucial role in the recognition of pathogens.

A recent study published by Voigt et al. demonstrated a decrease of NCAM/CD56 expression in the presence 
of live C. albicans16. In addition, it was shown that the surface protein gp63 of Leishmania further reduces CD56 
fluorescence positivity, indicating that NCAM/CD56 plays a functional role in the recognition of eukaryotic and 
prokaryotic pathogens expressing a specific molecule on their cell surface. These publications further strengthen 
our hypothesis that NCAM/CD56 is a pathogen recognition receptor45.

The functional role of NCAM/CD56 expressed by NK cells referring to NK cell cytotoxicity against tumor cells 
has been controversially discussed. It was observed that NCAM/CD56 had no impact on the lysis effect of target 
cells46, 47 whereas on the other hand, other reports demonstrated that the cytotoxicity of NK cells interacting with 
NCAM-expressing target cells is enhanced by NCAM/CD5648, 49. These reports suggested a functional role of 
NCAM/CD56 in the recognition of target cells and in the induction of cytotoxicity. These observations and our 
findings suggest that NCAM/CD56 is a pathogen recognition receptor and plays a functional role for the NK cell 
cytotoxicity in the innate immune response. Our study provides novel insights in the interaction of NK cells and 
A. fumigatus as well as in NK cell biology.

Methods
Cell culture.  Human PBMCs were isolated from fresh blood of healthy volunteers giving written consent 
by a Ficoll standard density gradient centrifugation (Biochrom AG). Usage of the human blood specimens was 
approved by the Ethical Committee of the University Hospital Wuerzburg. NK cells were isolated from PBMCs 
using MACS NK negative selection kit (Miltenyi Biotec) and were cultured in RPMI 1640 (Invitrogen) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS) and 120 µg/ml gentamicin (Refobacin; Merck) at 
37 °C and 5% CO2. K562 cells were cultured under the same conditions as human NK cells. NK cells were stimu-
lated overnight with 1000 U/ml recombinant human (rh) IL-2 (Proleukin, Novartis).

Infection conditions.  A. fumigatus (ATCC 46645), A. flavus (CBS 625.66) and A. clavatus (CBS 114.48) 
conidia and germ tubes were prepared as described previously50. A. niger (CBS 553.65) germ tubes were prepared 
in RPMI with 10% FCS overnight. NK cells were incubated with live A. fumigatus germ tubes at a multiplicity 
of infection (MOI) of 0.5 at 37 °C for 3, 6, 9 or 12 h. For one experimental setup NK cells were incubated with A. 
fumigatus germ tubes and C. albicans (Wildtype SC5314) hyphae that were inactivated as previously described51.

Flow Cytometry.  The purity of isolated NK cells (>95%) and expression of surface receptors were 
determined by flow cytometry using a FACSCalibur (BD-Biosciences). NK cell population was defined as 
NKp46+CD3− cells.

Changes in the expression of NK cell receptors were examined using the following antibodies: anti-NKp30 
PE (Biolegend), anti-NKp44 PE (Biolegend), anti-NKG2D PE (BD-Biosciences), anti-CD16 FITC (Miltenyi 
Biotec), anti-CD56 FITC and APC (BD-Biosciences), anti-2B4 FITC (Biolegend), anti-NTB-A PE (Biolegend), 
anti-Dectin-1 PE, anti-TLR-2 PE and anti-TLR-4 PE (BD-Biosciences). Apoptotic NK cells were assessed after 
an incubation time of 9 h using Annexin V FITC (BD-Biosciences) after staining cells with the surface marker 
antibodies anti-NKp46 PE, anti-CD3 PerCP and anti-CD56 APC. Intracellular expression of CD56 after incu-
bation with germ tubes for 6 h was investigated by firstly staining CD56 on the cell surface with anti-CD56 FITC 
(BD-Biosciences). Then, cells were fixed (4% formaldehyde), permeabilized (Wash Perm, BD-Biosciences) and 
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intracellular CD56 was stained using anti-CD56 APC (BD-Biosciences). To remove surface markers, NK cells 
were incubated in 0.5% trypsin-EDTA (Sigma) for 30 min at 37 °C before samples were stained. All data were 
analyzed with FlowJo software (Tree Star Inc.).

Western Blot Analysis.  NK cells were incubated for 4 h either alone or with A. fumigatus germ tubes at 
MOI 0.5 under standard culture conditions, before a total crude protein extraction was performed52. Proteins 
were separated on 12% SDS-PAGE gels, blotted onto nitrocellulose membrane and CD56 was detected using an 
anti-CD56 antibody (Cell Signaling, clone 123C3). Succinate dehydrogenase complex, subunit A (SDHA) served 
as a loading control (Cell Signaling).

Enzyme Linked Immunosorbent Assay (ELISA) and multiplex immunoassay.  To quantify the 
CD56 concentration in co-culture supernatants, an ELISA assay was performed according to the manufacturer’s 
instructions (Abcam). Secretion of cytokines and other proteins released by NK cells were assessed in cell-free 
supernatants using the ProcartaPlexTM multiplex immunoassay from Affymetrix eBioscience. The analyses were 
performed according to the manufacturer’s instructions using the Bio-Plex 200 System from Bio-Rad. CCL 3 
ELISA (MIP-1α, R&D), CCL 4 ELISA (MIP-1β, R&D), and CCL 5 ELISA (RANTES, Biolegend) were performed 
as described in the manufacture’s manual. The ELISA was performed according to the manufacture’s manual 
using the NanoQuant (infinite M200 Pro, Tecan).

Transwell experiments.  600 µl RPMI containing 0.6 × 106 NK cells were seeded in 24-well plates, then a 
transwell membrane insert (Corning) with a pore size of 0.4 µm was inserted into each well and 100 µl RPMI were 
added per transwell. Depending on the condition, the 100 µl RPMI were either pure, supplemented with 500 U/
ml IL-15 and IL-2, or enriched with A. fumigatus germ tubes MOI 0.5. After 6 h, NK cells were harvested and 
receptor expression of CD56 and CD69 was monitored by flow cytometry.

CD56 blocking.  A GPR165 (IgG2a) monoclonal blocking antibody was kindly provided by Daniela Pende and 
Alessandro Moretta and CD56 was blocked as previously described53. NK cells (4 × 106 cells/ml) were incubated 
in CD56 blocking antibody (10.9 μg/ml) or IgG2a isotype control (Biolegend, 10.9 μg/ml) diluted in RPMI + FCS 
for 30 min at 37 °C. Afterwards, NK cells were cultured alone or in co-culture with A. fumigatus germ tubes (MOI 
0.5) at a NK cell concentration of 1 × 106 cells/ml. CD56 blocking antibody and isotype control were 4 fold diluted 
during culture. After 9 h, cells were harvested and CD56 and CD69 expression was evaluated by flow cytometry. 
Supernatants of co-cultures were stored at −20 °C until a ProcartaPlexTM or ELISA was performed.

Soluble CD56 protein binding.  Different concentrations (0, 1, 5, 10 μg/ml) of soluble CD56 (120 kD, R&D) 
were incubated with live A. fumigatus germ tubes (0.5 × 106 cells/ml) on poly-D-lysine coated 8-well Lab-Tek 
coverglass chambers (Thermo Fisher Scientific) for 6 h at 37 °C. Samples were prepared and stained with mAB 
CD56 mouse-anti-human Alexa Fluor 647 as described in the section “Fluorescence microscopy”. Confocal laser 
scanning microscopy (CLSM) images of the CD56 -A. fumigatus interaction were acquired as described in the 
section “Fluorescence microscopy”.

Cytochalasin D and colchicine treatment.  NK cells were treated with 10 μM cytochalasin D (Sigma), 
10 μM colchicine or the perspective DMSO and ethanole control for 30 min at 37 °C. NK cells were cultured alone 
or with A. fumigatus germ tubes (MOI 0.5) for 0, 3, 6 and 9 h in the presence of 5 μM cytochalasin D or colchicine 
or the perspective DMSO or ethanol controls. Expression of CD56 was determined using flow cytometry.

Length and amount of CD56 fluorescent interaction sites.  NK cell-A. fumigatus co-cultures were 
prepared on Lab-Tek coverglass chambers as described under the section “Fluorescence microscopy”. In order to 
evaluate the volume of the CD56 – A. fumigatus interaction site, image stacks were recorded from four different 
time points of co-incubation by CLSM. The number and length of CD56 interaction sites after 3, 6, 9, and 12 h 
were determined by Fiji and the 3D object counter plugin54.

Scanning electron microscopy (SEM).  NK cells were seeded alone or with A. fumigatus germ tubes 
(MOI 0.5) on microscopic cover slips (10 mm, Hartenstein) coated with poly-D-lysine (Sigma Aldrich). 3 h post 
incubation, samples were washed with PBS and were fixed for 12–18 h at 4 °C in a solution of 2.5% glutaralde-
hyde (Merck), 2.5 mM MgCl2, 50 mM KCl, and 50 mM cacodylic acid, pH 7.2. Afterwards, samples were washed 
with 50 mM cacodylic acid, pH 7.2 and then, dehydrated stepwise with acetone, critical point dried (critical 
point dryer: BAL-TEC CPD 030) and metal coated (sputter coater BAL-TEC SCD 005) with gold-palladium. 
Specimens were examined with a field emission scanning electron microscope (JEOL JSM-7500F) using a detec-
tor for secondary electrons (SEI detector) at 5 kV and a magnification of ×10,000.

Fluorescence microscopy.  NK cells were cultured alone or with A. fumigatus (MOI 0.5) on poly-D-lysine 
coated 8-well Lab-Tek coverglass chambers for 3, 6, 9 or 12 h. Then, samples were fixed in 0.67% formal-
dehyde for 30 min. After blocking with 5% BSA in HBSS for 30 min, samples were stained with mAB CD56 
mouse-anti-human Alexa Fluor 647 (1:50, Biolegend) and fixed in 2% formaldehyde for 20 min. CLSM images 
of the NK-Aspergillus interaction were acquired with a LSM700 system (Carl Zeiss) with a plan-apochromat 63 
×/1.40 oil immersion objective. DSTORM imaging of A. fumigatus incubated NK cells and control NK cells was 
performed in photoswitching buffer (100 mM mercaptoethylamine in PBS pH 7.4). 2D measurements were con-
ducted on an inverted wide-field fluorescence microscope (IX-71; Olympus) as described previously20, 55, 56. For 
each measurement 15,000 images with an exposure time of 20 ms and irradiation intensity of ~7 kW/cm2 were 
recorded using highly inclined and laminated optical sheet (HILO) illumination.
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For 3D dSTORM measurements57 an Axio Observer.Z1 (Carl Zeiss Microscopy) equipped with a 
water-immersion objective (LD C-Apochromat 63×/1.15 W Corr M27; Carl Zeiss Microscopy) was used. 
Fluorophores were excited with a 150 mW 640 nm laser (iBeam Smart 640-S; Toptica) which was spectrally 
cleaned (MaxDiode LD01-640/8; Semrock). Emission and excitation light was separated using a dichroic mirror 
(BrightLine Di01-R405/466/532/635-25 × 36; Semrock) and a bandpass filter (ZET405/488/532/642 m, Chroma) 
and the wavelength range of the emitted light was specified further with a single bandpass filter (E700/75 m; 
Chroma). Astigmatism of the point spread function (PSF) was introduced by a 250 mm achromatic cylindrical 
lens (Thorlabs). Fluorophores were detected by an EMCCD camera (iXon Ultra DU897U-CSO; Andor). At least 
30,000 frames at a frame rate of 54 Hz were collected for each 3D measurement. The open source rapidSTORM58, 
version 3.3.1 software was used to reconstruct dSTORM images from the recorded 2D and 3D image stacks.

Statistical analysis.  A two-way ANOVA or a two-tailed, paired Student’s t-test was used to evaluate sta-
tistical significance. P-values < 0.05 were considered statistically significant. Statistics were calculated using 
GraphPad Prism 5 software.

Ethics approval.  All methods were performed in accordance with the relevant guidelines and regulations. 
Informed consent has been obtained for study participation and for publication of information, as requested by 
the Ethics Committee of the University Hospital of Wuerzburg (permit #302/15).
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3 RESULTS

3.5 Antibacterial Activity of Ceramide and Ceramide Analogs

Against Pathogenic Neisseria

Abstract

"Certain fatty acids and sphingoid bases found at mucosal surfaces are known to have an-

tibacterial activity and are thought to play a more direct role in innate immunity against

bacterial infections. Herein, we analysed the antibacterial activity of sphingolipids, includ-

ing the sphingoid base sphingosine as well as short-chain C6 and long-chain C16-ceramides

and azido-functionalized ceramide analogs against pathogenic Neisseriae. Determination

of the minimal inhibitory concentration (MIC) and minimal bactericidal concentration

(MBC) demonstrated that short-chain ceramides and a ω-azidofunctionalized C6-ceramide

were active against Neisseria meningitidis and N. gonorrhoeae, whereas they were inactive

against Escherichia coli and Staphylococcus aureus. Kinetic assays showed that killing of

N. meningitidis occurred within 2 h with ω�azido-C6-ceramide at 1 X the MIC. Of note, at

a bactericidal concentration, ω�azido-C6-ceramide had no signi�cant toxic e�ect on host

cells. Moreover, lipid uptake and localization was studied by �ow cytometry and con-

focal laser scanning microscopy (CLSM) and revealed a rapid uptake by bacteria within

5min. CLSM and super-resolution �uorescence imaging by direct stochastic optical re-

construction microscopy demonstrated homogeneous distribution of ceramide analogs in

the bacterial membrane. Taken together, these data demonstrate the potent bacterici-

dal activity of sphingosine and synthetic short-chain ceramide analogs against pathogenic

Neisseriae." [113]

The following manuscript was published on December 15th, 2017 in Scienti�c Reports and

permission for legal second publication within this thesis was kindly granted from both

the publishers and the co-authors.
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Antibacterial activity of ceramide 
and ceramide analogs against 
pathogenic Neisseria
Jérôme Becam1, Tim Walter   2, Anne Burgert3, Jan Schlegel   3, Markus Sauer3,  
Jürgen Seibel2 & Alexandra Schubert-Unkmeir1

Certain fatty acids and sphingoid bases found at mucosal surfaces are known to have antibacterial 
activity and are thought to play a more direct role in innate immunity against bacterial infections. 
Herein, we analysed the antibacterial activity of sphingolipids, including the sphingoid base 
sphingosine as well as short-chain C6 and long-chain C16-ceramides and azido-functionalized ceramide 
analogs against pathogenic Neisseriae. Determination of the minimal inhibitory concentration (MIC) 
and minimal bactericidal concentration (MBC) demonstrated that short-chain ceramides and a ω-azido-
functionalized C6-ceramide were active against Neisseria meningitidis and N. gonorrhoeae, whereas they 
were inactive against Escherichia coli and Staphylococcus aureus. Kinetic assays showed that killing of 
N. meningitidis occurred within 2 h with ω–azido-C6-ceramide at 1 X the MIC. Of note, at a bactericidal 
concentration, ω–azido-C6-ceramide had no significant toxic effect on host cells. Moreover, lipid uptake 
and localization was studied by flow cytometry and confocal laser scanning microscopy (CLSM) and 
revealed a rapid uptake by bacteria within 5 min. CLSM and super-resolution fluorescence imaging 
by direct stochastic optical reconstruction microscopy demonstrated homogeneous distribution of 
ceramide analogs in the bacterial membrane. Taken together, these data demonstrate the potent 
bactericidal activity of sphingosine and synthetic short-chain ceramide analogs against pathogenic 
Neisseriae.

Sphingolipids are composed of a structurally related family of backbones termed sphingoid bases, which are 
sometimes referred to as ‘long-chain bases’ or ‘sphingosines’. The long chain (sphingoid) bases are aliphatic 
amines, containing two or three hydroxyl groups, and often a distinctive trans-double bond in position 4. The 
most abundant sphingoid base in animal tissues is sphingosine ((2 S,3 R,4E)-2-amino-4-octadecen-1,3-diol) with 
a C18 aliphatic chain, hydroxyl groups in positions 1 and 3 and an amine group in position 2 (see also Fig. 1). 
If the amine group of a sphingoid base is N-acylated with a fatty acid moiety, a ceramide molecule is formed. 
Ceramides consist of a long-chain or sphingoid base linked to a fatty acid via an amide bond. They are formed 
as the key intermediates in the biosynthesis of all complex sphingolipids. Fatty acids within ceramide molecules 
may vary in chain length1 and are usually saturated, or with a single double bond or an α-hydroxyl group. Natural 
sphingolipids can be further chemically modified, resulting in derivatives that possess new properties. For exam-
ple, sphingosine can be coupled with phenethyl isothiocyanatecan (PEITC) which leads to a significant increase 
of its antitumour activity towards human leukaemia cell growth as compared to sphingosine or PEITC alone2.

Interestingly, many of the naturally occurring and synthetic sphingoid bases are cytotoxic for cancer cells and 
some have been recognized to exert antibacterial activity against pathogenic microorganisms3–5. So far, growth 
inhibitory activity has been shown against Gram-positive and Gram-negative bacteria, fungi and microalgae6–10. 
Interestingly, recent studies demonstrated that the sphingoid base sphingosine is also an important first-line 
defence of healthy airways against Pseudomonas aeruginosa11. Recently, a series of ceramide analogs was syn-
thesized and analysed for the growth inhibitory effect on Chlamydia trachomatis12. Moreover, several syn-
thetic dihydrosphingosine analogs have been demonstrated to be active against multi-drug resistant strains of 
Mycobacterium tuberculosis13.
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The inhibitory activity of sphingolipids towards microorganisms is thought to be a result of their ability to 
interact with the microbial cell wall14, however the exact mechanism is still not known. As a result the leakage of 
cellular content and consequently microbial death occurs. Alternatively, lipids may penetrate and accumulate in 
the cytoplasm and may interfere with cell metabolism.

The present study details the antimicrobial activity of sphingolipids, focussing on sphingosines, ceramides and 
chemically modified ceramide-analogs against pathogenic Neisseriae. As an exclusive human pathogen, Neisseria 
meningitidis colonizes the upper respiratory tract of approximately 10–40% of the healthy population15,16. In rare 
cases, the bacteria can cause devastating invasive infections, resulting in sepsis and meningitis, mostly in young 
infants and toddlers. N. gonorrhoeae is a human pathogen responsible for genital tract infection (gonorrhoea). 
Occasionally, the organism can disseminate as a bloodstream infection. During the last years N. gonorrhoeae has 
evolved into a superbug with resistance to previously and currently recommended antimicrobials for treatment of 
gonorrhoea17. Herein, we demonstrate that a synthetic short-chain ceramide analog showed antimicrobial activity 
against pathogenic Neisseriae, and preliminary data indicate that this analog caused dissipation of the mem-
brane potential. Broth microdilution assays were performed to determine the minimum inhibitory concentration 
(MIC) and the minimum bactericidal concentration (MBC) of sphingolipids against both species. Escherichia 
coli and the Gram-positive bacterium Staphylococcus aureus were included as positive controls. In addition, the 
bactericidal activity against N. meningitidis was studied in time-killing assays. In this context, we aimed to analyse 
the mechanism of lipid antimicrobial activity and applied “click-chemistry” to ceramides, which were equipped 
with an azide group in the acyl-side chain18. The influence of substitution of one hydroxyl group by an azide on 
the antimicrobial activity was assessed and modified ceramide analogs were used to study uptake and localization 
of functionalized ceramide analogs within the N. meningitidis membrane by confocal laser scanning (CLSM) and 
at subdiffraction resolution by direct stochastic optical reconstruction microscopy (dSTORM)19,20.

Results
Previous studies have demonstrated that numerous sphingoid bases and fatty acids act as antibacterial agents 
against a variety of Gram-positive and Gram-negative bacteria6. Among these is the long chain base sphingosine7. 
We first estimated MIC and MBC values for sphingosine for the Gram-negative organism N. meningitidis and 
the closely related species N. gonorrhoeae by broth microdilution assays. MIC, MIC50 and MBC values of 4 µg/
ml, 1.97 µg/ml and 4 µg/ml, respectively, for N. meningitidis MC58 and 4 µg/ml (MIC), 1.25 µg/ml (MIC50) and 
8 µg/ml (MBC) for N. gonorrhoeae FA1090 were determined (Table 1). E. coli and the Gram-positive organism S. 
aureus were included as control organisms and MIC, MIC50 and MBC values of 16 µg/ml, 8.39 µg/ml and 16 µg/
ml and 8 µg/ml, 1.22 µg/ml and >64 µg/ml, respectively, were estimated (Table 1). MIC50 values of 8.39 µg/ml and 
1.22 µg/ml are in agreement with recently published data6.

We next tested the antibacterial activity of ceramides, including short-chain C6 and long-chain C16-ceramides, 
and estimated MIC and MBC values as before. Interestingly, while long-chain C16-ceramides were not active 
against N. meningitidis and N. gonorrhoeae (Table 1), short-chain C6-ceramides displayed significant antimicro-
bial activity against both species: MIC, MIC50 and MBC values of 2 µg/ml, 0.69 µg/ml and 64 µg/ml, respectively, 
for N. meningitidis MC58 and 1 µg/ml (MIC), 0.18 µg/ml (MIC50) and ≥64 µg/ml (MBC) for N. gonorrhoeae 
FA1090 were determined (Table 1).

We next made use of recently synthesized azido-functionalized ceramide analogs21,22 allowing bio-orthogonal 
click–reactions18 in order to follow uptake and transport of fluorescently labelled ceramides in N. meningitidis. 
Four different ceramide analogs were synthesized, including α–azido-C6-ceramide, ω–azido-C6-ceramide, α–
azido-C16-ceramide and ω–azido-C16-ceramide (see Fig. 1) and first analysed for their antibacterial activity. 
Interestingly, when an additional azido group was added at the ω-position of the fatty acid chain of C6-ceramide, 
the antibacterial activity was even increased: the ω–azido-C6-ceramide analog displayed a MIC value of 2 µg/ml, 
MIC50 value of 0.8 µg/ml and MBC value of 4 µg/ml for N. meningitidis and a MIC value of 2 µg/ml, MIC50 value 

Figure 1.  (A) Chemical structures of commercial available unmodified short-chain C6-ceramide (d18:1/6:0) 
and long-chain C16-ceramides (d18:1/16:0) and d-erythro-Sphingosine. (B) Chemical structures of α-azido-C6-
ceramide, ω-azido-C6-ceramide, α-azido-C16-ceramide and ω-azido-C16-ceramide.
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of 0.8 µg/ml and MBC value of 4 µg/ml for N. gonorrhoeae (Table 1). In contrast, modification at the α-position 
of the fatty acid chain of C6-ceramide showed no significant activity against N. meningitidis (MIC and MBC value 
≥64 µg/ml) or against N. gonorrhoeae FA1090 (MIC and MBC values ≥64 µg/ml). For E. coli ATCC 25922 and S. 
aureus ATCC 29213 the short-chain C6-ceramide MIC/MBC values were ≥64 µg/ml, and antibacterial activity 
did not increase after modification of the fatty acid chain neither at the α- or ω-position (Table 1).

Effect of media on MIC and MBCs.  It is well known that the inoculum size, the type of growth medium, 
the incubation time and the inoculum preparation method can influence MIC values. Many fastidious bacterial 
species including N. meningitidis and N gonorrhoeae do not grow satisfactorily using standard in vitro suscepti-
bility testing approaches with unsupplemented media. For example, standard clinical laboratory broths, e.g. brain 
hart infusion or cation-adjusted Mueller-Hinton broth, allow multiplication of meningococci and gonococci only 
from large inocula. Recently a chemically defined liquid medium (Graver-Wade medium (GW)) was described, 
which permits growth of N. meningitidis and N. gonorrhoeae from low inocula23. We therefore next tested the 
antibacterial activity of ceramides by broth microdilution assays using GW medium. As shown in Table 2 the 
MIC values of sphingosine, C6-ceramide and ω–azido-C6-ceramide in GW medium shifted within 1 to 2 dilutions 
of the MIC tested in proteose peptone medium as shown in Table 1.

Time-killing studies.  Next, time-killing studies for sphingosine, the unmodified C6-ceramide from Avanti 
Polar and ω–azido-C6-ceramide were performed on N. meningitidis. Both sphingosine and ω–azido-C6-ceramide 
decreased the number of CFU/ml over the 0- to 24-h time period against N. meningitidis using 1 X MIC (Fig. 2). 
Kinetic assays showed that killing of N. meningitidis with sphingosine and ω–azido-C6-ceramide occurred 

Compound

N. meningitidis (MC58) N. gonorrhoeae (FA1090)
a*MIC **MIC>50

#MBC *MIC **MIC>50
#MBC

sphingosine 4 1.97 4 4 1.25 8

C6-ceramide 2 0.69 64 1 0.18 >64

α-C6-ceramide >64 — >64 >64 — >64

ω-C6-ceramide 2 0.8 4 2 0.8 4

C16-ceramide 16 8.39 >64 >64 — >64

α-C16-ceramide 64 16.4 64 32 21 64

ω-C16-ceramide >64 — >64 >64 — >64

Compound
E. coli ATCC 25922 S. aureus ATCC 29213
a*MIC **MIC>50

#MBC *MIC **MIC>50
#MBC

sphingosine 16 8.39 16 8 1.22 >64

C6-ceramide >64 — >64 >64 — >64

α-C6-ceramide >64 — >64 >64 — >64

ω-C6-ceramide >64 — >64 >64 — >64

C16-ceramide >64 — >64 >64 — >64

α-C16-ceramide >64 — >64 >64 — >64

ω-C16-ceramide >64 — >64 >64 — >64

Table 1.  MICs and MBCs of sphingosine, short-chain C6-ceramide, long-chain C16-ceramide and C6/C16-
ceramide analogs against N. meningitidis, N. gonorrhoeae, E. coli and S. aureus. aMIC and MBC (µg/ml) *MIC 
is defined as the lowest concentration of lipid that reduced growth by more than 95% **MIC>50 is defined 
as the lowest concentration of lipid that reduced growth by more than 50% #MBC is defined as the lowest 
concentration of lipid that prevented growth.

Compound

N. meningitidis (MC58) N. gonorrhoeae (FA1090)
a*MIC **MIC>50

#MBC *MIC **MIC>50
#MBC

sphingosine 4 1.58 4 2 1.19 4

C6-ceramide 4 2.32 8 8 2.01 32

α-C6-ceramide >64 — >64 >64 — >64

ω-C6-ceramide 4 2.03 >64 4 1.46 16

C16-ceramide 16 7.64 16 16 8.63 32

α-C16-ceramide 32 17.6 32 32 20.4 64

ω-C16-ceramide >64 — >64 >64 — >64

Table 2.  MICs and MBCs of sphingosine, short-chain C6-ceramide, long-chain C16-ceramide and C6/C16-
ceramide analogs against N. meningitidis and N. gonorrhoeae determined in Graver-Wade medium. aMIC 
and MBC (µg/ml) *MIC is defined as the lowest concentration of lipid that reduced growth by more than 95% 
**MIC>50 is defined as the lowest concentration of lipid that reduced growth by more than 50% #MBC is defined 
as the lowest concentration of lipid that prevented growth.
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within 1 h and 2 h, respectively (Fig. 2), whereas killing of N. meningitidis with the unmodified C6-ceramide 
was more gradual: N. meningitidis had at least a 1.3-log10 decrease in the number of CFU/ml with treatment 
with the unmodified C6-ceramide at 2 h post treatment, never showing a greater than 1.3 log reduction from the 
initial inoculum. Moreover, a slight degree of regrowth was seen for N. meningitidis at the 24-h time point for 
the unmodified C6-ceramide (Fig. 2). Treatment of the bacterial culture with ω–azido-C6-ceramide at 1 X MIC 
caused at least a 2.4-log10 reduction in the number of CFU/ml at 1 h and a 5.8-log10 decrease in the number of 
CFU/ml at 2 h. Thus, sphingosine and ω–azido-C6-ceramide demonstrated potent in vitro bactericidal activity 
against N. meningitidis at concentrations 1 x the MIC, while a bacteriostatic activity was observed for unmodified 
C6-ceramide against N. meningitidis at concentrations 1 x the MIC. Exact Kruskal-Wallis tests confirmed highly 
significant differences among non-treated and sphingosine (p < 0.0001) or ω–azido-C6-ceramide (p < 0.0001) 
treated N. meningitidis (Table 3). Comparison of the trapezoidal area under the curves (AUCs) also showed sig-
nificant differences after treatment with sphingosine and ω–azido-C6-ceramide (Table 3).

Toxicity testing.  We next tested the cytotoxicity induced by the unmodified and the functionalized cer-
amides in human brain microvascular endothelial cells (HBMEC), human embryonic kidney (HEK293T) cell line 
or the human hepatocellular carcinoma cell line HepG2 overnight using a concentration of 5 µM corresponding 
to the observed MIC values (2 µg/ml) determined for N. meningitidis and N. gonorrhoeae. Overnight treatment 
of the three different mammalian cells with staurosporine (1 µM) was used as a positive control. Notably, no 
significant cytotoxic effects neither on HBMEC, nor on HEK293T cells or HepG2 cells were observed for the 
concentration used in this study (Fig. 3).

Uptake of functionalized ceramide analogs by bacteria.  Little is known about the exact mechanism 
of lipid antimicrobial activity. In previous studies it has been shown that the bioorthogonal strain-promoted 3 + 2 
cyloaddition between cyclooctyne and azide derivatives allow the conjugation between a biomolecule and a flu-
orescent dye24–27. In order to get insight into the mechanism we aimed at analysing the transport and localisation 
of the synthesized azido-functionalized ceramides in N. meningitidis. We therefore first established the incorpo-
ration kinetics of the functionalized ceramides in bacteria with different treatment times varying from 5 min to 
30 min followed by fluorophore coupling. DBCO-Sulfo-Cy5 was selected as suitable dye for bio-orthogonal click 
reaction and the dye was coupled under copper-free conditions (Fig. 4A)24. Using flow cytometry analysis, we 
compared the uptake of α–azido-C6-, ω–azido-C6-, α–azido-C16- and ω–azido-C16-ceramide treated bacteria 
showing that both short-chain ceramide analogs efficiently accumulated in bacteria with a maximum peak at 
15 min (Fig. 4B). Uptake levels of ω–azido-C16- and α–azido-C16-ceramide at 5 µM were substantially lower than 
that of the short-chain ceramide analogs. Flow cytometry data suggested that the long-chain ceramide analogs 
are less efficiently incorporated within this time interval. To confirm uptake levels, bacteria were treated with 

Figure 2.  Kinetic killing of N. meningitidis with lipid treatment (sphingosine, unmodified C6-ceramide and 
ω-azido-C6-ceramide) at 1 time the MIC. Where no bacteria were recovered, +1 was added to the zero values 
before log transformation of the data. A geometric mean of n = 3 is shown for each data point. The error bars 
show mean ± SD of triplicate experiments.

N. meningitides alone

Treatment with

C6-ceramide sphingosine ω–C6-ceramide

AUC 215.54 154.27 2.95 5.44

Trapezoidal-area significance probabilityb,c (P value) 0.039792 <0.0001 <0.0001

Table 3.  Comparison of the trapezoideal-AUC significance probabilitiesa. aAUC for N. meningitidis was 
compared across lipid treatment as a summary measure of viability over the time course. AUC was calculated 
from time T0h to the last sampling point (T24h). The significance probabilities are shown. bSignificance 
probability associated with the exact nonparametric Kruskal-Wallis test of the null hypothesis that the 
distribution of the trapezoidal area is the same across all treatment groups. cSignificance level 0.05.

71



www.nature.com/scientificreports/

5SCIentIfIC ReporTS | 7: 17627  | DOI:10.1038/s41598-017-18071-w

ceramide analogs as described above followed by 15 min fluorophore coupling and subsequent CLSM analyses. 
CLSM images of labelled bacteria confirmed that all clickable ceramides were efficiently incorporated into bacteria  
(Fig. 4C).

Figure 3.  Effects of unmodified short-chain C6-ceramide (C6-ceramide), ω-azido-C6-ceramide, α-azido-C6-
ceramide and sphingosine on (A) HBMEC, (B) HEK293T and (C) HepG2 cell apoptosis. Cells were left untreated 
or were treated with 5 µM of the compounds overnight. Staurosporine in a concentration of 1 µM was used as 
a positive control. Apoptosis was quantified using flow cytometry after staining with annexin V (AnnV)/PI. 
Percentage of early (AnnV+/PI−), late apoptotic cells (AnnV+/PI+) and dead cells (AnnV−/PI+) are shown. Data 
are presented as the mean ± SD of triplicate experiments. ***P < 0.001 in Students t-test relative to untreated cells.
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Visualization of ceramide uptake in N. meningitidis (dSTORM).  In order to visualize the dis-
tribution of ceramides in N. meningitidis in more detail we used super-resolution imaging by dSTORM, a 
single-molecule based localization microscopy technique that achieves virtually molecular resolution28 and has 
been already successfully used to image the distribution of clickable glycans and proteins in the plasma mem-
brane of eukaryotes24,29. dSTORM images clearly showed that all four ceramide analogs were incorporated into 
the bacterial membrane and the azide function was accessible for click reaction with DBCO-Sulfo-Cy5 (Fig. 5). 
None of the four analogs showed pronounced clustering. In contrast to the results of flow cytometry analysis, the 
super-resolution images demonstrated the strongest incorporation for the ω–azido-C16-ceramide. In addition, 
the ω–azido-C16-ceramide exhibited a tendency to accumulate in the contact areas between two bacteria. Control 
labelling experiments without ceramide treatment showed also non-specific staining of bacteria but at much 
lower efficiency (Fig. S1).

Figure 4.  (A) Schematic of bacteria treated with ceramide analogs, followed by click reaction with DCBO-
Sulfo-Cy5. (B) Azido-modified ceramides are rapidly incorporated into N. meningitidis. Bacteria were treated 
with 5 µM of α-azido-C6-ceramide (α-C6-cer), ω-azido-C6-ceramide (ω-C6-cer), α-azido-C16-ceramide 
(α-C16-cer) and ω-azido-C16-ceramide (ω-C16-cer), or DBCO-sulfo-Cy5 (DBCO Cy5) for indicated time 
points, washed, and ceramide incorporation levels were detected after 15 min DBCO-sulfo-Cy5-clicking and 
flow cytometry analysis. Three independent experiments with SD are shown. *, **, ***, ****P < 0.05, 0.01, 
0.001, 0.0001 in one-way ANOVA and Tukey post hoc test relative to dye control (DCBO-sulfo-Cy5). (C) 
LSM images of N. meningitidis after incorporation of (A) α–azido-C6-ceramide, (B) ω–azido-C6-ceramide, 
(C) α–azido-C16-ceramide, and (D) ω–azido-C16-ceramide and clicking with DBCO-Sulfo-Cy5 by copper-free 
biorthogonal click chemistry. For visualization the contrast was adjusted for each image individually. Scale bar, 
10 µm.
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Effect of sphingosine and functionalized ceramide analogs on bacterial cell physiology.  In 
order to analyse the mechanism of the antibacterial activity of sphingosine and the functionalized ceramide 
analogs on bacteria, growing S. aureus strain ATCC 29213 or N. meningitidis strain MC58 were treated with 
diethyloxacarbocyanine, a validated indicator of the proton motive force in S. aureus and other bacteria30. This 
two-colour flow cytometry assay showed the expected shift in the red:green fluorescence ratio following addi-
tion of the proton ionophore carbonyl cyanide-m-chlorophenylhydrazone (CCCP) to the bacteria (Fig. S2): We 
observed a red:green ratio of about 6 for untreated stained S. aureus, which decreased to a red:green ratio of 
about 2 after incubation with CCCP. A similar decrease of the ratio was observed after treatment of S. aureus with 
sphingosine, indicating the collapse of the proton gradient (Fig. S2A). The red:green ratio for untreated stained 
N. meningitidis was about 1.8. The ratio also decreased significantly when bacteria were treated with sphingosine 
or ω–azido-C6-ceramide, whereas the red:green ratio was unaltered or even increased after treatment with α–
azido-C6-ceramide (Fig. S2B and C). Taken together these preliminary findings indicate that both sphingosine 
and ω–azido-C6-ceramide dissipate the bacterial cell’s membrane potential in N. meningitidis and/or S. aureus.

Discussion
Previous studies have demonstrated that numerous sphingolipids, extracted and purified from natural sources, 
can act as bactericidal agents against various microorganisms4,6–10,31. Sphingolipids showed growth inhibitory 
activity against Gram-positive and Gram-negative bacteria, fungi or microalgae6–8,10,31. The degree of the anti-
bacterial activity depends on the sphingolipid structure and the microorganism tested. One of the best studied 
sphingolipids regarding antimicrobial activity is the long chain base sphingosine. Sphingosines form a primary 
part of sphingolipids, a class of cell membrane lipids that include sphingomyelin, an important phospholipid. 
Several studies have shown that sphingosine (and dihydrosphingosines and 6-hydroxysphingosines) are potent 
antimicrobials4,6,7,14,32,33. Of note, recent studies demonstrated that sphingosine is also an important first-line 
defence of healthy airways against Pseudomonas aeruginosa11. Herein we demonstrated that sphingosine has also 
a significant antimicrobial activity against the Gram-negative species N. meningitidis and N. gonorrhoeae.

Ceramides are a structurally heterogeneous and complex group of sphingolipids containing derivatives of 
sphingosine bases in amide linkage with a variety of fatty acids. Differences in chain length, type and extent of 
hydroxylation, saturation etc. are responsible for the heterogeneity of sphingolipids. Some of the most structur-
ally complex ceramides are found in the skin, which includes the presence of a very-long-chain fatty acid (C30 
to C32) with an ω-hydroxyl group that is esterified to another fatty acid34–36, and in testis, which contains neutral 
glycosphingolipids with very-long-chain (C26 to C32) polyunsaturated fatty acids37,38. Ceramides with very short 
fatty acids (C2) have also been found in mammals and are formed by an acetyl transfer from platelet-activating 
factor to sphingenine39,40. In this study we now show that short-chain C6-ceramides and a functionalized ω–
azido-C6-ceramide are active against N. meningitidis and the related species N. gonorrhoeae. Interestingly, they 
were inactive against E. coli and S. aureus. Time-killing kinetics revealed a significant decrease in mean viable 
count of N. meningitidis treated with sphingosine or ω–azido-C6-ceramide. N. meningitidis was efficiently killed 
by ω–azido-C6-ceramide within 2 h of treatment.

At present, little is known about the exact mechanism of lipid antimicrobial activity, although recently pub-
lished findings suggest that sphingosine causes ultrastructural damage in E. coli and S. aureus31. Antimicrobial 

Figure 5.  dSTORM and corresponding wide-field fluorescence of N. meningitidis after treatment with (A) α–
azido-C6-ceramide, (B) ω–azido-C6-ceramide, (C) α–azido-C16-ceramide, and (D) ω–azido-C16-ceramide and 
clicking with DBCO-Sulfo-Cy5 by copper-free biorthogonal click chemistry. Scale bar, 1 µm.
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lipids may penetrate and disrupt the cell wall layer of bacteria or may alter the cytoplasmic membrane. It is also 
likely that they might directly penetrate the cell wall and cytoplasmatic membrane and enter the cytoplasm. 
Herein, bacteria might accumulate them as intracellular inclusion. In order to get insight into the mechanism, we 
made use of azido-functionalized sphingolipids to visualize lipid uptake and localization in bacteria. We observed 
that the ceramide analogs are efficiently incorporated into the bacterial membrane within a short time period 
(Figs 4 and 5).

Recently, it has been shown by dSTORM that ceramides are enriched in ceramide-rich platforms with a size 
of ~75 nm in the plasma membrane of eukaryotes41. In contrast, the ceramide distribution in N. meningitidis 
membranes appears mostly homogeneous. Only the long chain ceramide ω–azido-C16-ceramide accumulated 
slightly in contact zones to other bacteria (Fig. 5D). However, differences in the incorporation efficiency are 
difficult to quantify because α and ω-azido groups exhibit a different accessibility for click reaction and the dif-
ferent lengths of the alkyl side chains (C6 and C16) result in different incorporation efficiencies and geometries22. 
Moreover, probe preparation for flow cytometry differed from that for CLSM and dSTORM. Bacteria were incu-
bated for additional 30 min before analyzing by CLSM and/or dSTORM to allow efficient binding of the bacteria 
to pre-coated chamber slides. It is likely that the additional incubation time probably resulted in damage of the 
cell wall when ω–azido-C6-ceramide was used thus resulting in less efficient staining and signal intensity detected 
by dSTORM compared to treatment with the ω–azido-C16-ceramide analog.

However, localization studies alone do not allow to draw any conclusions about the mode of action of the 
substance, and a more systematic examination of the effect of sphingosine and short-chain ceramide-analogs on 
growth and membrane integrity of N. meningitidis is needed. In preliminary experiments, we found that treat-
ment of bacteria with both sphingosine and ω–azido-C16-ceramide resulted in depolarization of the membrane 
potential (unpublished data): growing S. aureus and N. meningitidis strains were treated with diethyloxacarbo-
cyanine, a validated indicator of the proton motive force in S. aureus and other bacteria. This two-color flow 
cytofluorometry assay showed the expected shift in the red-green fluorescence ratio following the addition of the 
protonophore carbonyl cyanide-m-chlorophenylhydrazone (CCCP) to growing cells. Treatment of S. aureus with 
sphingosine and of N. meningitidis with sphingosine or ω–azido-C6-ceramide yielded a color ratio shift similar to 
CCCP treatment (unpublished data), indicating the collapse of the proton gradient.

It is well known that the inoculum size, the type of growth medium, the incubation time and the inoculum 
preparation method can influence MIC values. Many fastidious bacterial species including N. gonorrhoeae and 
N. meningitidis do not grow satisfactorily using standard in vitro susceptibility testing approaches with unsupple-
mented media. Therefore, modifications have been made to the standard CLSI/EUCAST MIC methods to allow 
laboratories to perform reliable antimicrobial susceptibility testing. Such modifications typically involve the use 
of test media with supplemental nutrients, prolonged incubation times, and/or incubation in an atmosphere with 
an increased concentration of carbon dioxide. Herein, we either used proteose peptone medium or the recently 
described Graver-Wade23 medium to determine MIC values of sphingosine, ceramides and ceramide analogs. 
Interestingly, MIC and MBC values were influenced by the type of growth medium and values shifted within 1 
to 2 dilutions. The difference might lie in the degree of free and protein-bound ceramides and sphingosine in the 
different test media solutions.

Infections caused by pathogenic Neisseriae are normally treated with antibiotics; however, the increasing 
occurrence of antibiotic-resistant bacterial strains as seen for N. gonorrhoeae17,42–44 makes it highly desirable 
to identify new antimicrobials. Short-chain ceramides and their derivatives could prove useful in this regard, 
since they have high antibacterial activity and low toxicity at a bactericidal concentration. Here, we report for 
the first time the antimicrobial activity of synthetic ceramide analogs on N. meningitidis and the related species 
N. gonorrhoeae. Based on the results represented within this study a systematic functional analysis of the antimi-
crobial mechanism may enable the development of more efficient synthetic ceramide analogs with potential for 
therapeutic intervention. However, various hurdles and challenges will have to be overcome in the development 
of sphingolipid analogs or mimetics as therapeutic agents to treat a bacterial infections in particular avoiding 
interaction of the compounds with the host cells and preventing host cell cytotoxicity.

Synthetic ceramide analogs have been prepared for a wide range of purposes and are particularly of inter-
est for the development as therapeutic agents in the treatment of cancer45. For example, ceramide ana-
logs have been synthesized to explore structure-function relationships in cell signaling46, or as inhibitors of 
enzymes of ceramide metabolism47. Other analogs have shown activity as potential anticancer agents, such as 
L-threo-C6-pyridinium-ceramide-bromide48 or (2S,3R)-(4E,6E)-2-octanoyl-amidoocta-decadiene-1,3-diol 
(4,6-diene-Cer) with antiproliferative activity in breast cancer cells49. Unfortunately, ceramides are highly hydro-
phobic, poorly water-soluble molecules limiting their potential therapeutic utility. To overcome this hurdle, syn-
thetic ceramide analogs have been developed that offer reduced lipophilicity or near complete water solubility. 
In recent years, there have been remarkable improvements in the design and delivery of ceramide analogs45. 
Intriguing new approaches have been the generation of water soluble pyridinium-ceramides48,50 or the delivery 
of pegylated liposomes51. In terms of systemic delivery of ceramide the advent of nanotechnology has shown the 
greatest promise45.

Materials and Methods
Bacterial strains, mutants and culture conditions.  Isolate MC58 was used as a representative strain of 
the species N. meningitidis. Strain MC58 is a serogroup (Sg) B strain of the sequence type (ST)-74 (ST-32 clonal 
complex [cc]), which was isolated in 1983 in the UK and was kindly provided by E. R. Moxon52. Isolate FA1090 
was used as a representative strain of the species N. gonorrhoeae. Strain FA1090 is a porin serotype PIB-3, strep-
tomycin (Sm)-resistant strain, originally isolated in the 1970s from the endocervix of a woman with disseminated 
gonococcal infection53 and has been used extensively in experimental human infection studies54. Escherichia coli 
ATCC 12759 and S. aureus isolates ATCC 29213 were included as control strains and to obtain information about 
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Gram-negative and Gram-positive susceptibility and resistance. N. meningitidis strain MC58 and N. gonorrhoeae 
strain FA1090 were cultured on Columbia Agar with 5% sheep blood (COS; bioMérieux, Lyon, France) and incu-
bated at 37 °C with 5% CO2 overnight. Liquid culturing was performed in proteose-peptone medium (PPM) plus 
1% Kellogg’s supplement I and II (PPM+). E. coli ATCC 12759 and S. aureus ATCC 29213 were grown in Mueller-
Hinton broth (Becton Dickinson, Maryland, USA) at 37 °C.

Preparation of lipids.  d-erythro-Sphingosine (C18) was obtained from Santa Cruz Biotechnology, 
Heidelberg, Germany. Unmodified C6-ceramide and C16-ceramide were obtained from Avanti Polar Lipids 
(Alabama, USA). Lipids were dissolved in ethanol, stored at −20 °C and protected from light. The azido cer-
amides (Fig. 1B) were synthesized as previously described22.

Antimicrobial assay.  Broth microdilution assays were used to determine the minimal inhibitory con-
centration (MIC), the MIC50, and the minimal bactericidal concentration (MBC) of D-erythro-sphingosine, 
short-chain ceramides or long-chain ceramides and their analogs. Briefly, lipid suspensions were diluted in PPM+, 
Graver-Wade medium (GW)23 or cation-supplemented Mueller-Hinton broth (for E. coli and S. aureus), which 
meets the requirements of the EUCAST standard, in standard 96 well microtiter plates (Sarstedt, Nuembrecht, 
Germany). Microdilution plates were prepared using serial twofold dilutions of the lipids (concentration ranging 
from 64 µg/ml to 0.0625 µg/ml in a total volume of 75 µl) in the respective media. At concentration higher than 
64 µg/ml the lipids had an optical density that interfered with the determination of the MIC. To prepare the 
inoculum, all bacteria cell suspensions were adjusted to McFarland 0.5 (1–2 × 108 CFU/mL). The suspension was 
further diluted to provide a final inoculum density of 5 × 105 CFU/ml in the wells of the microdilution panels in 
a volume of 75 µl equal to the volume of diluted lipid. The plates were incubated for 16 h at 37 °C and 5% CO2 (for 
N. meningitidis and N. gonorrhoeae) and 37 °C (for S. aureus and E. coli). The optical density of bacterial growth 
was read at 540 nm in a spectrophotometer (Infinite F200 Pro Reader, Tecan Group, Maennedorf, Switzerland). 
The MIC was defined as the lowest concentration of an antibacterial agent that prevented visible growth under the 
test conditions, the MIC50 was defined as the lowest concentration of lipid that reduced growth by more than 50%, 
and the MBC was defined as the concentration of lipid that prevented growth. Quality control was monitored 
with E. coli ATCC 12759 and S. aureus isolates ATCC 29213.

Killing kinetic assays.  Killing kinetic experiments were performed according to previously published meth-
ods55. Briefly, freshly prepared colonies were resuspended in 10 ml PPM + medium and incubated in a shaker at 
37 °C, 200 rpm for 1 to 2 h. Cultures were then diluted to a 0.5 McFarland standard and further diluted so that 
the starting inoculum was approximately 1 × 106 CFU/ml. Sphingosine, Avanti Polar unmodified C6-ceramide 
and ω–azido-C6-ceramide was added to the prepared bacterial suspension so that the final concentration was 1 X 
the MIC of the compounds tested. A growth control with no lipid was also included. The starting inoculum was 
determined from the growth control tube immediately after dilution and was recorded as the bacterial CFU count 
at time zero. After addition of the compounds the tubes were incubated in a shaker at 37 °C, 200 rpm and viability 
counts were estimated at 1, 2, 3, 4, 5, 6, 7, 8, and 24 h by removing 1 mL of the culture, diluting as appropriate, 
and plating 100 µl on COS agar plates. COS agar plates were incubated at 37 °C with 5% CO2 overnight. Colonies 
were counted using a ProtoCOL colony counter (Synbiosis, Cambridge, UK) and the results were recorded as the 
number CFU/ml. A ≥ 3-log10 decrease in the number of CFU/ml was considered bactericidal.

Membrane potential analysis and flow cytometry.  Membrane potential was determined by flow 
cytometry using a BacLight™ bacterial membrane potential kit (Molecular probes). This test is based on a fluo-
rescent membrane-potential indicator dye, 3,3′-diethyloxacarbocyanine iodide (DiOC2(3)), along with a proton 
ionophore carbonyl cyanide-m-chlorophenylhydrazone (CCCP). DiOC2(3) at low concentrations exhibits green 
fluorescence in all bacterial cells, but it becomes more concentrated in healthy cells that are maintaining a mem-
brane potential, causing the dye to self-associate and the fluorescence emission to shift to red. S. aureus and N. 
meningitidis were grown to mid-logarithmic phase, and 1 × 106 cells per ml were treated with ethanol (solvent), 
sphingosine, α–azido-C16-ceramide or ω–azido-C6-ceramide, or incubated in either the presence or absence of 
5 µM CCCP (used as a depolarized control) followed by incubation with 30 µM DiOC2(3) for 30 min at 37 °C and 
then analyzed by flow cytometry. DiOC2(3) was excited with the 488 nm argon laser, and emission was detected 
as follows: green fluorescence was detected using a 530/30 filter, and red fluorescence was detected with a 585/42 
filter. The ratio of red to green fluorescence intensity were calculated using mean fluorescence intensities follow-
ing the manufacturer’s description.

Mammalian cell line.  The simian virus 40 large T antigen-transformed human brain microvascular 
endothelial cells (HBMEC) were cultured as previously described56–58. Briefly, HBMECs were cultured in RPMI-
1640 medium (Gibco Life Technologies, Karlsruhe, Germany) supplemented with 10% fetal calf serum (FCS, 
Gibco Life Technologies), 10% Nu serum® IV (Corning, NY, USA 10%; Becton Dickinson), 1% sodium pyru-
vate (1 mM), 1% L-glutamine (2 mM), 1% non-essential amino acids (all purchased from GE Healthcare, Little 
Chalfont, UK), 5 U ml−1 heparin (Biochrom, Berline, Germany) and 30 µg mL−1 endothelial cell growth sup-
plement (ECGS, CellSystems, Troisdorf, Germany). Cultures were incubated in a humid atmosphere at 37 °C 
with 5% CO2. Cells between the 10th and 25th passages were used for apoptosis analysis. HBMEC were cultured 
in T25 flasks (Corning Costar Corporation, Cambridge, MA, USA). The embryonic kidney cell line HEK293T 
and the hepatocellular carcinoma cell line HepG2 were purchased from the American Type Culture Collection, 
ATCC® CRL-3216™ and ATCC® HB-8065™, respectively. HEK293T and HepG2 were routinely cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) + GlutaMAX™-I (Gibco Life Technologies, Karlsruhe, Germany) 
supplemented with 10% FCS.
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Apoptosis analysis.  HBMEC, HEK293T or HepG2 cells were seeded in 6-well tissue culture plates to a den-
sity of 2 × 106 cells/well. The medium was changed and cells were treated with the compounds overnight. Cells 
were harvested and washed once with 1 x PBS−/− and once with Annexin V binding buffer (BD Biosciences). 
Cells were resuspended and transferred into a 500 μL siliconized polypropylene tube. Annexin V-Alexa Fluor 
488 (Molecular Probes) was added at a 1:20 dilution and cells were incubated for 15 min at RT. Following this, 
propidium iodide (PI) was added at a final concentration of 1 μg/mL and cells were stained for a further 15 min 
at RT. After staining, cells were washed twice with PBS−/− and fixed with 2% formaldehyde for 10 min on ice. 
Following fixation, cells were washed twice with PBS−/− and treated with 50 μg/mL DNase-free RNase (Sigma, 
R4642) for 15 min at 37 °C. Cells were then washed once with PBS−/− and immediately analyzed using a BD 
FACSCaliburTM flow cytometer (BD Biosciences) and BD CellQuestTM Pro Software (BD Biosciences). For 
each measurement, at least 10,000 cells were counted. Cells that stained positive for annexin V represented cells 
with intact membranes and externalized phosphatidylserine (early apoptosis) and cells positive for annexinV/PI 
represent cells that had lost membrane integrity (late apoptosis/necrosis). A modified Annexin V/ PI method was 
used to assess cell death59.

Flow cytometry and click chemistry reaction.  For detection of ceramide incorporation bacte-
ria were fed with functionalized (α–azido-C6-ceramide, ω–azido-C6-ceramide, α–azido-C16-ceramide and 
ω–azido-C16-ceramide) ceramides at a concentration of 5 µM for indicated time points at 37 °C and 5% CO2, 
washed one time with 1 mL PBS and bacteria were exposed to 5 µM DBCO-Sulfo-Cy5 dye (Jena Bioscience, Jena, 
Germany) and the click reaction was performed for 15 min at 37 °C and 5% CO2. Bacteria were washed three 
times with 1 mL PBS, then resuspended in 500 µL FACS buffer (PBS + 5% FCS) and used for flow cytometry 
analysis.

LSM and dSTORM.  LSM and dSTORM imaging was performed as previously described41. Briefly, bacteria 
were fed with functionalized ceramide for 15 min as described above, followed by a 15 min click chemistry reac-
tion. Bacteria were washed three times with 1 mL PBS, resuspended in 100 µL RPMI-1640 medium and seeded 
on precoated chamber slides (Nunc™ Lab-Tek™ II Chamber Slide™, ThermoScientifc Fisher) for 30 min at 37 °C 
and 5% CO2. Bacteria were fixed with 2% PFA for 15 min at RT and chamber slides were stored overnight at 4 °C 
before microscopy experiment. For super-resolution microscopy bacteria were covered with switching buffer 
consisting of 100 mM ß-mercaptoethylamine (MEA, Sigma) in PBS and pH adjusted with potassium hydroxide 
to 7.4. Super-resolution measurements were performed at an inverted wide-field fluorescence microscope (IX-71; 
Olympus) with an oil-immersion objective (60x, NA 1.45; Olympus) and suitable excitation and emission filters 
(ZT405/514/635rpc; Chroma; EM01-R442/514/647-25; Semrock). The organic fluorophores (DBCO-Sulfo-Cy5) 
were excited with a 640 nm laser (Cube 640–100 C; Coherent). After passing a long- and bandpass filter (LP635; 
Semrock; HC 679/41; Semrock) photons were detected by an electron-multiplying CCD camera (iXon Ultra 
DU-897; Andor). The sample was homogenously illuminated with an irradiation intensity of ~ 7 kW/cm2 and 
super-resolved images were reconstructed with rapidSTORM 3.3.160,61 from 30,000 frames with an exposure time 
of 20 ms. LSM was performed with a LSM700 (Zeiss, Germany) equipped with a Plan-Apochromat 63 × 1.4 
oil-immersion objective and the PBS-covered sample was excited with a 639 nm solid state laser.

Statistical analysis.  Statistical analysis was performed using unpaired Student t test with ****p < 0.0001, 
***p < 0.001, **p < 0.01, *p < 0.05. The exact Kruskal-Wallis test was performed to detect differences in kill-
ing kinetics, utilizing a 5% level of statistical significance. This nonparametric analog to analysis of variance 
(ANOVA) was used due to modest sample size and violation of the normality assumptions for parametric proce-
dures. Moreover, the trapezoidal area under the curve (AUC) was determined to summarize the measurement of 
bacterial viability of treatment time course.
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3 RESULTS

3.6 Neisseria meningitidis Type IV Pili Trigger Ca2+-Dependent

Lysosomal Tra�cking of the Acid Sphingomyelinase to

Enhance Surface Ceramide Levels

Abstract

"Acid sphingomyelinase (ASM) is a lipid hydrolase that converts sphingomyelin to ce-

ramide and that can be activated by various cellular stress mechanisms, including bacterial

pathogens. Vesicle transportation or tra�cking of ASM from the lysosomal compartment

to the cell membrane is a prerequisite for its activation in response to bacterial infections;

however, the e�ectors and mechanisms of ASM translocation and activation are poorly de-

�ned. Our recent work documented the key importance of ASM for Neisseria meningitidis

uptake into human brain microvascular endothelial cells (HBMEC). We clearly identi�ed

OpcA to be one bacterial e�ector promoting ASM translocation and activity, though it

became clear that additional bacterial components were involved, as up to 80% of ASM

activity and ceramide generation was retained in cells infected with an opcA-de�cient mu-

tant. We hypothesized that N. meningitidis might use pilus components to promote the

translocation of ASM into HBMEC. Indeed, we found that both live, piliated N. menin-

gitidis and pilus-enriched fractions trigger transient ASM surface display, followed by the

formation of ceramide-rich platforms (CRPs). By using indirect immunocytochemistry

and direct stochastic optical reconstruction microscopy, we show that the overall number

of CRPs with a size of ≈80 nm in the plasma membrane is signi�cantly increased after

exposure to pilus-enriched fractions. Infection with live bacteria as well as exposure to

pilus-enriched fractions transiently increased cytosolic Ca2+ levels in HBMEC, and this

was found to be important for ASM surface display mediated by lysosomal exocytosis, as

depletion of cytosolic Ca2+ resulted in a signi�cant decrease in ASM surface levels, ASM

activity, and CRP formation." [114]

The following manuscript was published on July 23rd, 2019 in Infection and Immunity

and permission for legal second publication within this thesis was kindly granted from

both the publishers and the co-authors.
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Neisseria meningitidis Type IV Pili Trigger Ca2�-Dependent
Lysosomal Trafficking of the Acid Sphingomyelinase To
Enhance Surface Ceramide Levels
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ABSTRACT Acid sphingomyelinase (ASM) is a lipid hydrolase that converts sphingo-
myelin to ceramide and that can be activated by various cellular stress mechanisms,
including bacterial pathogens. Vesicle transportation or trafficking of ASM from the
lysosomal compartment to the cell membrane is a prerequisite for its activation in
response to bacterial infections; however, the effectors and mechanisms of ASM
translocation and activation are poorly defined. Our recent work documented the
key importance of ASM for Neisseria meningitidis uptake into human brain microvas-
cular endothelial cells (HBMEC). We clearly identified OpcA to be one bacterial effec-
tor promoting ASM translocation and activity, though it became clear that additional
bacterial components were involved, as up to 80% of ASM activity and ceramide
generation was retained in cells infected with an opcA-deficient mutant. We hypoth-
esized that N. meningitidis might use pilus components to promote the translocation
of ASM into HBMEC. Indeed, we found that both live, piliated N. meningitidis and
pilus-enriched fractions trigger transient ASM surface display, followed by the forma-
tion of ceramide-rich platforms (CRPs). By using indirect immunocytochemistry and
direct stochastic optical reconstruction microscopy, we show that the overall num-
ber of CRPs with a size of �80 nm in the plasma membrane is significantly in-
creased after exposure to pilus-enriched fractions. Infection with live bacteria as well
as exposure to pilus-enriched fractions transiently increased cytosolic Ca2� levels in
HBMEC, and this was found to be important for ASM surface display mediated by
lysosomal exocytosis, as depletion of cytosolic Ca2� resulted in a significant de-
crease in ASM surface levels, ASM activity, and CRP formation.

KEYWORDS Neisseria meningitidis, acid sphingomyelinase, sphingolipids,
superresolution microscopy, type IV pili

Acid sphingomyelinase (ASM) is a lipid hydrolase causing sphingomyelin breakdown
and the release of ceramides, which associate into small ceramide-enriched mem-

brane domains that fuse to larger ceramide-rich platforms (CRPs), thereby modulating
membrane structures and signal transduction (1–3).

Several bacterial pathogens regulate ASM translocation and/or activity to exploit
host sphingolipids during their infection processes (4–15). This is reflected by the
importance of this enzyme in host defenses (mainly uptake and trafficking in phago-
cytes), as revealed for Pseudomonas aeruginosa (5) and for Listeria monocytogenes and
Neisseria gonorrhoeae (7, 16, 17). In addition, ASM was also found to be crucial for
bacterial uptake into nonphagocytic cells, including endothelial cells. In peripheral
endothelial cells, Staphylococcus aureus infection increased ASM activity, and this
contributed to the development of pulmonary edema (18). In brain endothelial cells,
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ASM translocation and the increased activity caused by OpcA-expressing Neisseria
meningitidis resulted in enhanced ceramide surface display, which was found to
support bacterial uptake by recruitment of the ErbB2 receptor, involved in bacterial
uptake into CRPs (6). This observation paralleled the finding obtained with the related
species N. gonorrhoeae in phagocytic cells (16), where ASM caused the recruitment of
CEACAM receptors in CRPs.

ASM localizes in lysosomes or in specialized lysosomal compartments named secre-
tory lysosomes (19). Its activation may occur within this compartment by protein kinase
C�-mediated phosphorylation (20, 21) or has been suggested to require translocation
from the intracellular compartment to the extracellular leaflet of the cell membrane. For
example, the application of hydrogen peroxide to mammalian cells induces a rapid
Ca2�-dependent ASM translocation by lysosomal exocytosis, followed by its activation
(22), and plasmalemmal injury-triggered Ca2� influxes have been shown to induce the
fusion of lysosomes with the plasma membrane, resulting in exocytosis and activation
of ASM (23).

N. meningitidis (the meningococcus) is a human pathogen that colonizes the upper
respiratory tract of approximately 10 to 40% of the healthy population (24, 25). In rare
cases the pathogen can cause devastating invasive infections, resulting in sepsis and
meningitis, predominantly in young infants and toddlers. Via its outer membrane
protein OpcA, N. meningitidis is capable of triggering ASM translocation and increasing
its activity as well as ceramide release and the formation of CRPs on the surface of brain
endothelial cells (6). The ASM translocation elicited by OpcA critically relies on OpcA
interaction with heparan sulfate proteoglycans and the subsequent activation of
phosphatidylcholine-specific phospholipase C. In addition to OpcA, further meningo-
coccal candidates are likely to contribute to ASM translocation, because infection-
induced ASM translocation and ceramide surface display were reduced by only about
20 to 30% with an isogenic mutant lacking opcA (6).

As major adhesins, type IV pili (TfP) play key roles in pathogenic Neisseria species by
mediating the contact with eukaryotic cell surfaces (26). The pilus fiber is composed of
a single structural component, the major pilin, PilE. In addition to PilE, several other
structural pilin proteins, including PilC, PilD, PilG, and PilF, and the minor pilins PilX, PilV,
and ComP contribute to TfP function (27–31), which includes the uptake of DNA for
natural transformation and bacterial movement (32, 33) and initiation of signal trans-
duction cascades (34). Purified neisserial pili and pili from the bacterial crude mem-
brane fraction have been shown to induce transient increases of cytosolic Ca2� levels
in infected eukaryotic cells (35, 36). Moreover, pilus-induced Ca2� transients trigger
lysosomal exocytosis, exposing lysosomal Lamp1 at the host cell surface (36).

In this study, we tested the hypothesis that the pilus-induced Ca2� flux in brain
endothelial cells triggers lysosomal exocytosis, exposing ASM at the outer leaflet of the
plasma membrane. We found that infection of human brain microvascular endothelial
cells (HBMEC) with the highly piliated isolate N. meningitidis 8013 but not an isogenic
pilus-deficient meningococcal mutant resulted in an increase in the amount of cer-
amide on the host cell surface in an amitriptyline-sensitive manner. Exposure of HBMEC
to pilus-enriched fractions (PeF) also triggered transient ASM surface display, paralleled
by increased surface Lamp1 levels. Importantly, inhibition of cytosolic Ca2� levels
inhibited pilus-induced Lamp1 as well as ASM surface display and the formation of
CRPs, indicating that ASM is delivered to the outer leaflet of the plasma membrane by
pilus-induced lysosomal exocytosis.

RESULTS
Exposure of N. meningitidis strain 8013 to brain endothelial cells induces

ceramide release and the formation of ceramide-enriched platforms. We have
recently shown that N. meningitidis strain MC58 causes a rapid but transient translo-
cation of the acid sphingomyelinase (ASM) in human brain microvascular endothelial
cells (HBMEC). In this system, OpcA interaction with heparan sulfate proteoglycans
significantly contributed to ASM translocation and activity (6). The 80% residual cer-

Peters et al. Infection and Immunity

August 2019 Volume 87 Issue 8 e00410-19 iai.asm.org 2

3 RESULTS

82



amide induction by an isogenic opcA-deficient mutant suggested that other meningo-
coccal components also contributed to ASM induction (6). To analyze whether the type
IV pili (TfP) might be involved, a highly piliated, Opa-negative (Opa�), opcA-deficient
derivative of serogroup C, meningococcal strain 8013 (clone 12, also designated 2C4.3)
(37), was applied and tested for its ability to contribute to ASM translocation in HBMEC.
In common with N. meningitidis isolate MC58, immunofluorescence images demon-
strate that a green fluorescent protein (GFP)-expressing variant of strain 8013 induced
the formation of and adhered to CRPs (detected by the antibody 15B4) (Fig. 1A). HBMEC
were then infected with N. meningitidis strain 8013 for 4 h, and surface ceramide levels
on infected HBMEC were determined by flow cytometry (Fig. 1B; see also Fig. S1 in the
supplemental material). N. meningitidis strain 8013 was found to be significantly
effective at inducing ceramides on HBMEC (Fig. 1B), while this was not observed with
a nonpiliated pilE-deficient mutant (N. meningitidis 8013 ΔpilE) (Fig. 1B). To analyze
whether the surface ceramide release detected relied on ASM, we determined the

FIG 1 Highly piliated N. meningitidis (Nm) strain 8013 activates ASM and the formation of CRPs on HBMEC. (A) HBMEC were grown to
confluence in 8-well Ibidi �-slides and were infected with a GFP-expressing variant of N. meningitidis strain 8013 for 4 h or were left
noninfected. Cells were washed, fixed in paraformaldehyde (FA), and stained with an anticeramide antibody and secondary Cy5-
conjugated goat anti-mouse IgM (red). Images were captured using a Nikon Eclipse Ti-E inverted microscope with a 40� objective lens.
Bars, 10 �m. (B) HBMEC were infected with wild-type strain N. meningitidis 8013 or an isogenic, pilus-deficient mutant (N. meningitidis 8013
ΔpilE) or were left noninfected for 4 h. Surface ceramide levels were determined by flow cytometry, and data are represented as the
relative levels of ceramides on the host cell surface. Error bars represent the mean � SD. One-way ANOVA with Dunnett’s post hoc test
was used to determine significance. *, P � 0.05; **, P � 0.01. (C) ASM activity was determined on HBMEC by measuring sphingomyelin
hydrolysis to phosphorylcholine. Cells were seeded in black 96-well plates to confluence and infected with N. meningitidis 8013 or left
noninfected (basal activity). Reported is the activity of ASM after infection with bacteria. Values show the mean � SD from three
independent experiments. MFI, mean fluorescence intensity. Two-way ANOVA was used to determine significance. *, P � 0.05; **, P � 0.01;
***, P � 0.001; ****, P � 0.0001. (D) HBMEC were infected with N. meningitidis 8013 for 4 h in the presence or absence of the ASM inhibitor
amitriptyline (�10 �M Ami and w/o [without] Ami, respectively) or were left noninfected. Surface ceramide levels were determined by
flow cytometry, and data are represented as the relative levels of ceramides on the host cell surface compared to that on noninfected cells.
Values are expressed as a percentage of the level for noninfected cells � SD. One-way ANOVA with Dunnett’s post hoc test was used to
determine significance. *, P � 0.05. All experiments were performed at least three times in duplicate.
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activity of the enzyme on living HBMEC after infection with the wild type and the
pilE-deficient mutant. N. meningitidis strain 8013 but not the pilus-deficient mutant
caused significant ASM activity, which peaked within 130 min postinfection (p.i.)
(Fig. 1C). Corroborating the crucial role of ASM in N. meningitidis strain 8013-induced
ceramide release, the latter was abrogated in HBMEC exposed to the ASM inhibitor
amitriptyline 30 min prior to infection (Fig. 1D).

N. meningitidis recruits lysosomal ASM to the cell surface. Because we detected
ASM activity at the cell surface after N. meningitidis exposure, we reasoned that the
enzyme should be translocated to and therefore be detectable at the outer leaflet of
the plasma membrane. At 4 h following N. meningitidis treatment, ASM staining was
observed in clusters on nonpermeabilized HBMEC close to bacterial microcolonies (Fig.
2A, left) suggesting its surface display. On a quantitative basis, this could be confirmed
by flow cytometry (Fig. 2A, right). To test whether the translocation of ASM to the
surface level of infected HBMEC might involve lysosomal exocytosis, Lamp1, a lyso-
somal marker, was detected on the surface of N. meningitidis 8013-infected HBMEC and
analyzed by immunofluorescence microscopy and flow cytometry. The results revealed
an increase in the level of Lamp1 membrane staining and Lamp1 surface levels as
well as the codetection of both molecules, ASM and Lamp1, on infected HBMEC (Fig.
2B and C).

N. meningitidis-induced lysosomal exocytosis and ASM translocation to the
plasma membrane are Ca2� dependent. Lysosomal exocytosis requires Ca2� eleva-
tion for the fusion of predocked lysosomes with the plasma membrane. Because N.
meningitidis induces Ca2� release from intracellular stores in infected human epithelial
and endothelial cells (35, 38), we analyzed whether this would also apply to infection
with N. meningitidis strain 8013 in our cell culture model system by using the calcium
indicator Fluo-8. N. meningitidis strain 8013 significantly induced the cytosolic
Ca2� concentration in infected cells compared to the uninfected controls (Fig. 3A and
B and, for single cell analysis, Fig. 3C). To verify that the increase in calcium levels
reflected the release from intracellular stores, Ca2� concentrations were again moni-
tored by real-time immunofluorescence microscopy in cells treated with 50 �M
2-aminoethoxydiphenyl borate (2-APB), a chemical that acts to inhibit both inositol
1,4,5-trisphosphate receptors and transient receptor potential channels, prior to infec-
tion with meningococci. The inhibitor diminished calcium efflux in infected cells,
supporting the finding that Ca2� was indeed released from the endoplasmic reticulum
in HBMEC (Fig. 3A and B, right). If Ca2� mobilization is required for N. meningitidis-
induced lysosomal exocytosis, 2-APB preexposure of HBMEC should affect the surface
display of Lamp1, ASM, and ceramide as well as surface ASM activity. In fact, 2-APB dose
dependently reduced the Lamp1 as well as ASM surface levels measured by flow
cytometry (Fig. 4A and B). In addition, increased ASM activity and ceramide surface
accumulation were not observed after 2-APB treatment (Fig. 4C and D), indicating that
ASM translocation to the plasma membrane during meningococcal infection is medi-
ated by Ca2�-dependent lysosomal exocytosis.

N. meningitidis PilC1 is involved in ceramide release. Two PilC alleles that encode
two paralogous proteins, PilC1 and PilC2, have been described (27). PilC2 is expressed
independently of PilC1 and mediates adhesion to some cell types, not including
endothelial cells (27, 39), while the adhesive properties of TfP to endothelial cells
depend on PilC1 (27). PilC1-deficient (PilC2 positive) mutants fail to adhere to endo-
thelial cells, and moreover, PilC1-deficient mutants fail to trigger Ca2� release (35). To
identify the role of PilC1 and PilC2 in ceramide release, we generated ΔpilC1 and ΔpilC2
mutant strains and analyzed their adhesive properties as well as ceramide accumulation
on infected HBMEC by a gentamicin protection assay, immunofluorescence microscopy,
and flow cytometry analysis. The ΔpilC1 mutant showed much reduced adherence to
HBMEC comparable to that of the nonpiliated ΔpilE mutant and was unable to increase
ceramide levels or promote the formation of CRPs on infected cells, while these
properties were fully retained in the ΔpilC2 mutant (Fig. 5).
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Depletion of Ca2� levels interferes with bacterial uptake. We previously dem-
onstrated that ASM translocation is of functional importance in meningococcal uptake
(6). To corroborate the previous finding of the functional importance of ASM translo-
cation in bacterial uptake, HBMEC were pretreated with 2-APB for 30 min prior to
infection, and adhesion and invasion were determined. Indeed, the decrease in Ca2�

levels caused by 2-APB affected N. meningitidis uptake by HBMEC (Fig. 6), which could
also be observed after chelation of intracellular Ca2� by the acetoxymethyl ester of
EGTA (EGTA-AM) (Fig. S2).

FIG 2 N. meningitidis induces the translocation of lysosomal ASM and Lamp1 to the cell surface. HBMEC were grown to confluence in
8-well Ibidi �-slides and infected with the GFP-expressing N. meningitidis 8013 strain for 4 h or were left noninfected, and then ASM
translocation as well as Lamp1 exposure on the host cell surface was evaluated. (A) (Left) Cells were washed, stained live on ice with a
rabbit IgG anti-ASM antibody and secondary Cy5-conjugated anti-rabbit IgG F(ab=)2, and then fixed in FA (red). Bars, 5 �m. (Right) ASM
exposure on the plasma membrane was determined by flow cytometry of nonpermeabilized cells. Data show the mean � SD from three
independent experiments performed in duplicate. ****, P � 0.0001 by an unpaired, two-tailed Student’s t test. (B) (Left) Cells were washed,
stained live on ice with a mouse IgG PE-conjugated anti-Lamp1 antibody, and then fixed in FA (yellow). Bars, 5 �m. (Right) Lamp1
exposure to the plasma membrane was determined by flow cytometry of nonpermeabilized cells. Data show the mean � SD from three
independent experiments performed in duplicate. **, P � 0.01 by an unpaired, two-tailed Student’s t test. (C) Cells were infected with the
N. meningitidis 8013 strain for 4 h, washed, fixed in FA, and stained with a mouse IgG PE-conjugated anti-Lamp1 antibody (yellow), as well
as rabbit IgG anti-ASM antibody and secondary Cy5-conjugated anti-rabbit IgG F(ab=)2 (red). Bars, 5 �m.
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FIG 3 N. meningitidis increases cytosolic Ca2� levels in brain endothelial cells derived from the endoplasmic reticulum. Fluo-8-loaded
HBMEC were infected with N. meningitidis 8013 in the presence or absence of 50 �M 2-APB or were left noninfected, and cytosolic Ca2�

(Continued on next page)
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Pilus-enriched fractions trigger calcium release and ASM translocation in HB-
MEC. We next aimed at determining the role of pili as effectors in N. meningitidis-
induced Ca2� release from HBMEC. Pilus-enriched fractions purified from the piliated
wild-type meningococcal strain 8013 did not contain detectable levels of porins (a
major pathogenicity factor involved in Ca2� influx into the host cell [44]), while the
presence of pilin in the preparations was visualized with a monoclonal antibody raised
against PilE (Fig. S3). Cytosolic Ca2� concentrations were determined in HBMEC loaded

FIG 3 Legend (Continued)
concentrations were monitored over 20 min. Images were captured using a Nikon Eclipse Ti-E inverted microscope and analyzed using
NIS Elements AR software (Nikon). (A) Representative fluorescence images taken at the indicated time points (0, 5, 10, 15, and 20 min
[T0, T5, T10, T15, and T20, respectively]) are shown. Images were taken at a �20 magnification. Bars, 100 �m. (B) Fluorescence data from
representative cells were exported and are shown as the number of relative fluorescence units (RFU) relative to the start fluorescence
intensity value. Images show the results for infected single cells (left) or 2-APB-treated cells (right) versus the mean for noninfected cells.
The arrow indicates the results for a single cell which appears at 15 min in the inset in panel A. 2-APB, 2-aminoethoxydiphenyl borate.
(C) Representative single-cell analysis results. Pictures (left) show single cells which were analyzed for their fluorescence intensity (right).
Bars, 10 �m.

FIG 4 N. meningitidis-induced ASM translocation to the plasma membrane is Ca2� dependent. HBMEC were treated with different
concentrations of 2-APB (10, 25, 50 �M) for 30 min prior to infection with N. meningitidis 8013. N. meningitidis-induced Lamp1 exocytosis,
ASM translocation, and ceramide surface levels were detected by flow cytometry analysis using a mouse IgG PE-conjugated anti-Lamp1
antibody (A), a mouse IgG2a anti-ASM antibody and secondary Cy3-conjugated anti-mouse IgG F(ab=)2 (B), or an anticeramide antibody
and secondary Cy5-conjugated goat anti-mouse IgM (C). Data show the mean � SD levels as a percentage of those for noninfected cells
from three independent experiments performed in duplicate. One-way ANOVA with Dunnett’s post hoc test was performed to determine
significance. *, P � 0.05; **, P � 0.01; ***, P � 0.001. (D) ASM activity after infection with bacteria in the presence (50 �M) or absence of
2-ABP. Values show the mean � SD from three independent experiments. Two-way ANOVA was used to determine significance. *,
P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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with the fluorescent Ca2� indicator Fluo-8 and treated with 2.5 �g/ml of pilus-enriched
fractions. Immediately after addition, pilus-enriched fractions (but not control buffer
[not shown]) induced a significant cytosolic Ca2� increase within 2 to 5 min, and the
levels quickly returned to the baseline levels (Fig. 7A). Lysosomal exocytosis was next
monitored in LysoTracker-loaded cells exposed to 2.5 �g/ml of pilus-enriched fractions
or medium alone (in the absence of Ca2�). A rapid decrease in the fluorescence signal
was observed after treatment with pilus-enriched fractions, indicating that fusion of the
lysosomal membrane with the plasma membrane and LysoTracker release occurred
(Fig. 7B, pilus-enriched fractions [PeF]). Treatment of HBMEC with 2.5 �g/ml of the
pilus-enriched fractions slightly but significantly increased both ASM and ceramide
plasma membrane surface display, as determined by flow cytometry at 2 h after
exposure (Fig. 7C). In addition, the pilus-enriched fraction induced 2-APB-sensitive ASM
surface activity (Fig. 7E).

The pilus-enriched fraction also efficiently induced CRP formation on HBMEC. This
was first revealed by standard microscopy (Fig. 7D), and thereafter, the distribution of
CRPs was analyzed by single-molecule sensitive superresolution microscopy using

FIG 5 Ceramide release and CRP formation in response to isogenic ΔpilC1 or ΔpilC2 meningococcal mutants. (A) HBMEC were grown to
confluence in 8-well Ibidi �-slides and were infected with wild-type (WT) strain N. meningitidis 8013 or isogenic meningococcal mutant
N. meningitidis 8013 ΔpilE, N. meningitidis 8013 ΔpilC1, or N. meningitidis 8013 ΔpilC2 for 4 h or were left noninfected. Cells were washed,
fixed in FA, and stained with an anticeramide antibody and secondary Cy5-conjugated goat anti-mouse IgM (red). Images were captured
using a Nikon Eclipse Ti-E inverted microscope with a 20� objective lens. Bars, 100 �m. The results of one of three reproducible
experiments are shown. (B) HBMEC were infected with wild-type strain N. meningitidis 8013 or isogenic mutant N. meningitidis 8013 ΔpilE,
N. meningitidis 8013 ΔpilC1, or N. meningitidis 8013 ΔpilC2 or were left noninfected for 4 h. Surface ceramide levels were determined by
flow cytometry, and data are represented as the relative levels of ceramides on the host cell surface. (C) HBMEC were infected with the
N. meningitidis 8013 wild-type strain or the indicated mutants (the ΔpilE, ΔpilC1, or ΔpilC2 mutant) for 4 h at an MOI of 100. Adhesion was
determined by a gentamicin protection assay. Error bars represent the mean � SD. One-way ANOVA with Dunnett’s post hoc test was used
to determine significance. *, P � 0.05; **, P � 0.01; ****, P � 0.0001; ns, not significant.
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indirect immunocytochemistry and direct stochastic optical reconstruction microscopy
(dSTORM) (40, 41) (Fig. 8). The overall number of CRPs with a size of �80 nm (41) in the
plasma membrane was significantly increased in HBMEC after 2 h of exposure to the
pilus-enriched fractions, and the formation of CRPs could be prevented by treatment
with 2-APB (Fig. 8A to D).

DISCUSSION

ASM has been shown to be an important factor in pathogen infection and survival.
Some bacterial pathogens can target ASM and thereby modulate microdomain reor-
ganization, which can alter cellular internalization or cell death (5–8, 11, 16–18, 43). As
a prerequisite, lysosomal ASM has to be relocalized at the cell surface and activated;
however, the precise mechanism by which this is achieved during bacterial infections
remains unknown. In this study, we tested the hypothesis that the meningococcal
pilus-induced increase in cytosolic Ca2� triggers lysosomal exocytosis and increases the
amount of cell surface ASM, followed by lipid microdomain formation. We demonstrate
that the highly piliated N. meningitidis isolate 8013 but not an isogenic pilus-deficient
mutant was effective at inducing ceramides on HBMEC. Increased ceramide surface
levels reflected increased ASM activity and were abrogated in the presence of the ASM
inhibitor amitriptyline. We showed that pilus-enriched fractions also triggered the
transient translocation of ASM to the host cell surface. We provided microscopic
evidence that live, piliated bacteria as well as pilus-enriched fractions induced transient
increases in cytosolic Ca2� levels in HBMEC and triggered lysosomal exocytosis, as
detected by exposure of Lamp1. Of importance, we finally showed that depletion of
cytosolic Ca2� transients with 2-APB, a chemical that acts to inhibit inositol 1,4,5-
trisphosphate receptors, abolished not only Lamp1 levels but also ASM translocation
and, thus, the formation of CRPs on N. meningitidis-infected HBMEC or cells treated with
pilus-enriched fractions.

We have recently shown that N. meningitidis strains can transiently translocate ASM
if they express the OpcA protein and use CRPs as a port of entry into HBMEC (6).
However, further meningococcal factors besides OpcA are likely to contribute to ASM
translocation and the generation of ceramides, since infection of brain endothelial cells
with an isogenic mutant lacking opcA resulted in a decrease in the amount of ceramide
on the host cell surface of only about 20 to 30% (6). TfP of pathogenic Neisseria are
essential during the initial stage of infection and are known to initiate a signal

FIG 6 Depletion of the Ca2� level interferes with invasion of N. meningitidis strain 8013 into HBMEC. HBMEC were
pretreated with different concentrations (10, 25, 50 �M) of the 1,4,5-trisphosphate receptor inhibitor 2-APB.
Afterwards, cells were infected for 4 h at an MOI of 100, and adhesion (left) and invasion (right) were determined
by a gentamicin protection assay. All results show the mean � SD levels as a percentage of the levels for untreated
control cells from three independent experiments performed in duplicate. P values are relative to the values for
untreated control cells and were determined by an ordinary one-way ANOVA with Dunnett’s post hoc test. **,
P � 0.01, ***, P �0.001.
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FIG 7 Effect of pilus-enriched fractions on Ca2� fluxes, ASM translocation and activity, and ceramide release. (A) HBMEC were loaded with Fluo-8 and treated
with 2.5 �g pilus-enriched fraction (PeF) from N. meningitidis 8013 in Ca2�-free medium. Cytosolic Ca2� concentrations were monitored over 10 min using a
Nikon Eclipse Ti-E inverted microscope and analyzed using NIS Elements AR software (Nikon). Fluorescence data from representative cells were exported and
are shown as the mean � SD number of relative fluorescence units relative to the starting fluorescence intensity value. (B) HBMEC were loaded with LysoTracker
green (80 nM) and treated with PeF (2.5 �g) in Ca2�-free medium. Fluorescence signals were monitored over 10 min. Fluorescence data from representative
cells were exported and are shown as the mean � SD number of relative fluorescence units relative to the starting fluorescence intensity value. Note the
disappearance of the LysoTracker green signal after addition of PeF, indicative of lysosomal exocytosis. (C) Cells were maintained in infection medium and
incubated with PeF (2.5 �g) from N. meningitidis 8013. The pilus-induced translocation of ASM and ceramide surface levels were detected by flow cytometry
analysis. Data show the mean � SD from three independent experiments performed in duplicate. P values were determined by an unpaired, two-tailed
Student’s t test. *, P � 0.05; **, P � 0.01. (D) Cells were grown to confluence in Ibidi �-slides and were incubated with PeF (2.5 �g) from N. meningitidis 8013
or were left nontreated. Cells were washed, fixed in FA, and stained with an anticeramide antibody and secondary Cy5-conjugated goat anti-mouse IgM (red).
Bars, 10 �m. (E) Cells were incubated with PeF or left nontreated, and ASM activity was determined. Reported is the activity of ASM after incubation of the cells
with PeF (1 �g) from N. meningitidis 8013. Values show the mean � SD from three independent experiments. A two-way ANOVA was used to determine
significance. *, P � 0.05; **, P � 0.01; ****, P � 0.0001.
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transduction cascade, resulting in tyrosine phosphorylation of cytoskeletal proteins
(34). In addition, they induce Ca2� transients in cultures of epithelial cells and mono-
cytes (35, 36, 44). Here, we used real-time fluorescence imaging to examine Ca2� levels
in HBMEC during infection with piliated bacteria. Like the purified proteins and as
shown for A431 and ME180 cells, live bacteria also triggered changes in cytosolic Ca2�

fluxes (35, 36). Besides TfP, the pilus-associated Neisseria porins also trigger a transient
rise in cytosolic Ca2� levels. In contrast to TfP-induced Ca2� increases, the porin-
triggered Ca2� influx is rapid, occurs within 2 min after exposure of the protein, and
stimulates endosome exocytosis (45, 46). Pilus-associated porins are supposed to insert
into the host membrane to trigger an influx of Ca2� ions from the external environment
(44). In our experimental setting, we can exclude the possibility of any effects related
to N. meningitidis porins, since experiments were performed in Ca2�-free medium and
we could not detect any porin proteins on our pilus-enriched fraction preparation.

FIG 8 Treatment of HBMEC with pilus-enriched fractions increases the number of plasma membrane-associated
CRPs. (A) Quantification of subdiffraction-sized CRPs within the plasma membrane of HBMEC pretreated with
different concentrations of the pilus-enriched fraction (PeF) at 5 �g, 2.5 �g, or 2.5 �g or with 50 �M 2-APB or not
treated. The superresolution images show a dose-dependent enrichment of sphingolipid nanodomains upon pilus
treatment. (B) Representative dSTORM images of HBMEC treated with the indicated concentrations of PeF (as
shown in panel A). (C) Images of the corresponding dSTORM insets (red squares) from panel B, illustrating the
increase in the number of CRPs induced by the addition of PeF. (D) Conventional diffraction-limited microscopy of
the sections shown in panel C. Bars, 5 �m (B) and 500 nm (C and D).
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Ca2� transients in cultures of epithelial cells have been thought to be transduced by
the proposed pilus receptor, CD46 (35), as it could be blocked by anti-CD46 antibodies
(35). However, recent publications have highlighted the specific interaction between
the meningococcal ligands PilE and PilV and the cellular host receptor CD147 to be
essential for meningococcal adhesion to human brain endothelial cells and colonization
of human blood vessels (42). Whether Ca2� transients might be transduced by CD147
needs further investigations.

Ca2� is a highly versatile intracellular signal that can regulate many different cellular
functions (49, 50), and the effects of Ca2� fluxes in response to N. meningitidis are likely
to be various. These transients have, for example, been demonstrated to increase the
intracellular survival of the related species N. gonorrhoeae. Ca2�-dependent lysosomal
exocytosis leads to the redistribution of Lamp1 to the plasma membrane and the
release of the luminal content of the vesicle to the extracellular milieu. Lamp1 cleavage
at the host cell surface by the secreted neisserial IgA protease finally results in lysosome
remodeling and enhanced bacterial survival within cells (36, 45, 51). The data presented
in this study now show that the exocytic events resulting from the pilus-induced Ca2�

transients also bring ASM to the outer leaflet of the plasma membrane. However,
further studies are required to determine the exact mechanism of ASM enzyme
activation in response to TfP.

In nonsecretory cells, most lysosomes that undergo Ca2�-regulated exocytosis
belong to a peripheral population (52). By this means, calcium is primarily responsible
for the fusion rather than the recruitment of lysosomes to the plasma membrane (52).
Peripheral lysosomes were subsequently identified to be the major population of
intracellular vesicles that respond to Ca2� fluxes by fusing with the plasma membrane
and promoting plasma membrane repair (23, 52–54). Restoring membrane integrity is
crucial to preclude necrosis and apoptosis and reduce inflammation from necrotic cells.
Interestingly, host cell entry by Trypanosoma cruzi mimics a process of plasma mem-
brane injury and repair that involves Ca2�-mediated exocytosis of lysosomes and the
delivery of ASM to the outer leaflet of the plasma membrane, followed by a rapid form
of endocytosis that internalizes membrane lesions (53, 55). A similar mechanism was
recently observed during the entry of adenovirus into nonphagocytic cells (56). The
viral membrane lytic protein protein VI induces small plasma membrane lesions and
stimulates Ca2� influx and lysosomal exocytosis, finally resulting in the release of ASM
and the degradation of sphingomyelin to ceramide lipids in the plasma membrane (56).
In contrast to the stimulation of lysosomal exocytosis by T. cruzi or adenovirus infection,
the N. meningitidis-mediated increase of Ca2� transients did not involve small plasma
membrane lesions or Ca2� influx from the extracellular milieu; instead, Ca2� transients
arose from the endoplasmic reticulum.

Besides bacterial or viral infection, ASM is exposed to the host cell surface in
response to further stimuli, including CD95 or DR5 ligation, UV irradiation, or mem-
brane damage (5, 57–61). Recently, the application of the reactive oxygen species (ROS)
hydrogen peroxide to mammalian cells has been demonstrated to induce a rapid
Ca2�-dependent ASM translocation by lysosomal exocytosis (22). In contrast, CD95 or
DR5 activation induces ROS-dependent ASM trafficking independently of Ca2� (58). The
precise mechanism for Ca2�-independent ASM externalization is not well understood
and might involve protein kinase C� phosphorylation of ASM and translocation to the
plasma membrane (20). Taken together, in this study, we provide experimental evi-
dence supporting the conclusion that ASM, which resides within lysosomes, can be
exocytosed from N. meningitidis-infected brain endothelial cells in a Ca2�-dependent
manner and act on the outer plasma membrane to promote the formation of CRPs.

MATERIALS AND METHODS
Bacterial strains. N. meningitidis strain 8013 (clone 12, also designated 2C4.3) is a piliated capsulated

Opa- and Opc-negative variant of the serogroup C meningococcal clinical isolate 8013 (sequence type
77 [ST77]/ST8 clonal complex [CC]; Institut Pasteur, 1989) and was kindly provided by M. Taha (37). The
characteristics of the wild-type strain and the mutants are summarized in Table S1 in the supplemental
material. Bacteria were grown overnight on Columbia blood agar plates (bioMérieux) at 37°C in 5% CO2
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and cultured on the next day in PPM� medium (proteose-peptone medium supplemented with 1�
Kellogg´s supplement, 0.01 M MgCl2, and 0.005 M NaHCO3). Pilus mutants were grown overnight on GC
agar plates (37°C, 5% CO2) with spectinomycin (75 �g/ml) and were cultured in the same medium used
for the wild type but supplemented with additional spectinomycin (75 �g/ml).

Cell culture. Immortalized human brain microvascular endothelial cells (HBMEC) were kindly pro-
vided by K. S. Kim (62) and were cultured as described previously (63). Briefly, cells were cultured in RPMI
1640 medium supplemented with 1% sodium pyruvate (1 mM), 1% L-glutamine (2 mM), and 1%
nonessential amino acids (all purchased from GE Healthcare, Little Chalfont, UK) plus 5 U/ml heparin
(Biochrom, Berlin, Germany) and 30 �g/ml endothelial cell growth supplement (ECGS; CellSystems,
Troisdorf, Germany). Cells were incubated at 37°C in 5% CO2 in a humidified atmosphere.

Infection assays. Adhesion and invasion were determined by using gentamicin protection assays.
Cells at between the 10th and 25th passages were used for infection assays at a density of 4 � 105

cells/well, with bacteria used at a multiplicity of infection (MOI) of 100, unless indicated otherwise, as
described previously (6).

Reagents and antibodies. The following antibodies were used in this study: mouse IgG2a anti-ASM
(clone ab74281; Abcam), rabbit IgG anti-ASM (clone H181; Santa Cruz), mouse IgM anticeramide (clone
MID 15B4; Enzo Life Science), rabbit IgG anticeramide (kindly provided by E. Bieberich [41]), mouse IgG
phycoerythrin (PE)-conjugated anti-Lamp1 (clone H4A3; Santa Cruz), mouse IgG anti-PilE (SM1; M. Virji
[66]), polyclonal rabbit anti-PorB (Genosys Biotechnologies), a mouse IgM isotype control (clone ICIGMPU;
Immunostep), a mouse IgG1 isotype control (clone PPV-06; Invitrogen), and a normal rabbit IgG isotype
control (clone sc-2027; Santa Cruz). The following secondary conjugated antibodies, all of which were
purchased from Jackson ImmunoResearch, were used in this study: Cy5-conjugated goat anti-mouse IgM,
Cy5-conjugated goat anti-rabbit IgG (H�L), Cy3-conjugated goat anti-rabbit IgG (H�L), Cy3-conjugated
rabbit anti-mouse IgG F(ab=)2, and peroxidase-conjugated goat anti-mouse IgG and IgM (H�L). The
isotype and secondary antibody controls are shown in Fig. S4. The following reagents were used in this
study: 2-aminoethoxydiphenyl borate (2-APB; Tocris Bioscience) was used at a final concentration of 10,
25, or 50 �M and did not affect bacterial growth or fitness when applied under infection conditions.
Hoechst 33342 (Invitrogen) was used for nuclear staining at a final concentration of 1 �g/ml, the calcium
indicator dye Fluo-8 (Abcam) was used at a final concentration of 4 �M, and LysoTracker green DND-26
(Invitrogen) was used at a concentration of 80 nM. All compounds were dissolved in dimethyl sulfoxide
(DMSO), and the final concentration of DMSO in the culture wells never exceeded 0.1%.

Flow cytometry. At 3 days prior to the experiment, 1.25 � 105 cells/ml were seeded in a 24-well
plate and were grown to approximately 1 � 106 cells/ml. On the day of the infection experiment, cell
medium was replaced by RPMI 1640 medium plus 10% human serum and, if indicated, preincubated for
30 min with different concentrations of 2-APB. Cells were infected with the bacteria for 4 h. After
infection, the cells were washed once with phosphate-buffered saline (PBS), trypsinized, and harvested
in an Eppendorf tube. After washing with ice-cold fluorescence-activated cell sorting (FACS) buffer (5%
fetal calf serum [FCS] in PBS), the cells were incubated with either mouse IgM anticeramide (1:30 in FACS
buffer), mouse IgG PE-conjugated anti-Lamp1 (1:20 in FACS buffer), mouse IgG2a anti-ASM (1:250 in FACS
buffer), or the corresponding isotype control antibodies (1:100 in FACS buffer) for 1.5 h at 4°C in the dark.
After incubation, the cells were washed three times with FACS buffer and incubated with the appropriate
secondary antibodies (1:500 in FACS buffer) for 30 min. Then, the cells were washed three times with
FACS buffer and were fixed in 3.7% paraformaldehyde (FA; in PBS) for 30 min at 4°C. Afterwards, the cells
were washed 3 times with FACS buffer and 500 �l was transferred into a FACS tube for measurement.
Ten thousand cells were analyzed using a FACSCalibur flow cytometer (BD Bioscience), and the data were
analyzed and graphed using FlowJo (v10) software (FlowJo, LLC).

ASM activity assay. For determination of ASM surface activity, a commercially available acid
sphingomyelinase activity assay kit from Echelon was used with some adaptations to the manufacturer’s
protocol. One day prior to the infection experiment, 0.75 � 104 cells were seeded into a black-walled,
black-bottom 96-well plate (Thermo Scientific). On the day of infection, the growth medium was replaced
with RPMI 1640 medium plus 10% human serum, and infection assays were carried out for 2 h at 37°C
in 5% CO2. When indicated, cells were pretreated with 50 �M 2-APB for 30 min prior to infection. After
infection, cells were washed once with PBS and the ASM substrate was added directly to the cells. For
pilus-treated samples, 1 �g of the preparation was added to the cells right after the substrate was added.
The activity of ASM was then detected in a spectrophotometer (Infinite F200 Pro Reader; Tecan Group,
Maennedorf, Switzerland) at a 360-nm excitation wavelength and a 460-nm emission wavelength every
20 min for 5 h.

Immunofluorescence microscopy. For ceramide staining, 2.5 � 104 cells/well were seeded in 8-well
chamber �-slides (Ibidi) and grown overnight. Cells were infected with bacteria for 4 h, washed with PBS,
and fixed for 20 min with 3.7% paraformaldehyde. For the indicated experiments, cells were infected with
GFP-expressing N. meningitidis strain 8013, a derivative of N. meningitidis 8013 expressing GFP from the
plasmid pEG2-Ery (64). After fixation, cells were washed two times with PBS and blocked for 5 min in
blocking buffer (1% FCS, 2% bovine serum albumin [BSA] in PBS). Then, the cells were washed and
incubated with the primary antibody (1:200 dilution in blocking buffer) for 45 min at room temperature
(RT), followed by treatment with the appropriate Cy fluorescent dye-labeled secondary antibody (1:200
in blocking buffer) for 45 min. (For ASM and LAMP1, cells were stained live on ice before fixation.) The
samples were covered with PBS, and images were taken using a Nikon Eclipse Ti-E inverted microscope
equipped with an Okolab incubator set to 37°C. Images were taken at a �40 magnification and
processed and analyzed using ImageJ software.
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LSM and dSTORM. Laser scanning microscopy (LSM) and dSTORM imaging were performed as
previously described (42). Briefly, HBMEC were seeded into 0.2% gelatin-coated 8-well plates on coverslip
II slides (Sarstedt) at a concentration of 3 � 104 cells per well. After 24 h, the cells were treated with the
amounts of pilus-enriched fractions indicated above for 2 h. After washing, the cells were labeled on ice
with �2-�g/ml rabbit anti-C16/24 ceramide IgG antibody for 50 min in cell culture medium and again
washed. The cells were then fixed with 3% formaldehyde and 0.3% glutaraldehyde for 15 min on ice and
30 min at RT. After washing and blocking for 30 min with 5% BSA in PBS, staining with a secondary Alexa
Fluor 647-conjugated goat anti-rabbit F(ab=)2 IgG fragment followed by 1 h in 5% BSA blocking buffer
was performed. Cells were washed and again fixed with 2% formaldehyde and 0.2% glutaraldehyde to
immobilize the antibodies. dSTORM imaging was performed in switching buffer, consisting of 100 mM
�-mercaptoethylamine (MEA; Sigma) in PBS, adjusted to pH 7.4. An inverted wide-field fluorescence
microscope (model IX-71; Olympus) equipped with an oil-immersion objective (60�; numerical aperture,
1.45; Olympus) was used for superresolution measurements. Alexa Fluor 647 fluorophores were excited
with a 641-nm diode laser (model Cube 640-100C; Coherent), which was spectrally cleaned by use of a
cleanup filter (Laser Clean-up filter 640/10; Chroma). Emission light was filtered by a dichroic mirror
(beamsplitter HC560/659; Semrock) and a band- and long-pass filter (bandpass filter HC697/75 and
longpass filter LP647; Semrock) before it was projected onto an electron-multiplying charge-coupled-
device camera chip (model iXon DU-897; Andor). Additional lenses in the detection path were used to
generate a final pixel size of 128 nm. The equatorial plasma membrane slightly above the coverslip was
imaged using a highly inclined and laminated optical sheet (Hilo). Thirty thousand images with an
exposure time of 20 ms were recorded while using an irradiation intensity of �7 kW/cm2. Data were
processed with the ThunderSTORM and rapidSTORM programs and analyzed with Fiji or custom-written
Mathematica code. The number of CRPs in the reconstructed superresolved images with a pixel size of
20 nm was determined using the “analyze particles” command in Fiji software. LSM imaging was
performed with an LSM700 system (Zeiss, Germany) equipped with a Plan-Apochromat 63� (numerical
aperture, 1.4) oil objective. Cy5 fluorophores were excited with a 639-nm solid-state laser. Images were
processed using LSM software Zen system 2012 and Fiji software.

Calcium measurement. Intracellular calcium levels were estimated using a Fluo-8 no-wash calcium
assay (Abcam Ltd., Cambridge, UK). The assay was performed according to the manufacturer’s protocol
with minor modifications. Briefly, 1.5 � 105 cells/well were seeded in 24-well plates and allowed to plate
down overnight. Prior to infection, cell culture medium was removed and the cells were washed twice
with Hanks’ balanced salt solution (HBSS; calcium free; Sigma). Cells were incubated with 4 �M Fluo-8 in
HBSS for 30 min at 37°C in 5% CO2. After incubation, the cells were washed three times with HBSS and
covered with 300 �l HBSS. Fluo-8-loaded cells were then infected with bacteria in the presence or
absence of 50 �M 2-APB or were left uninfected. Changes in intracellular calcium levels were observed
over a 20-min period using a Nikon Eclipse Ti-E inverted microscope and evaluated with the time
measurement option of Nikon NIS-Elements AR software. For analysis, individual cells were selected for
single-cell analysis and tracking of calcium level changes.

Preparation of pilus-enriched fractions. For preparation of pilus-enriched fractions, the bacterial
content of 50 blood agar plates was harvested in 40 ml of 0.15 M ethanolamine (in PBS) with a pH of 10.5.
Pili were sheared off by intensive vortexing for 2 min, followed by centrifugation at 12,000 � g for 10 min
at RT to remove the cellular debris. The supernatant was used for an additional centrifugation step at
21,000 � g for 90 min to remove smaller debris. Then, the supernatant was transferred to an Erlenmeyer
flask, ammonium sulfate-saturated 0.15 M ethanolamine was added to a concentration of 10%, and the
mixture was incubated under continuous shaking for 30 min at RT. The protein-ammonium sulfate
precipitate was then harvested by centrifugation at 21,000 � g for 15 min. The supernatant was then
discarded and the pellet was resuspended in 0.05 M Tris-buffered saline (TBS), pH 7.5. Protein solutions
were then applied to a 6-ml Viva Spin column with a 7,000-dalton-molecular-weight-cutof (MWCO) and
were centrifuged at 4,000 � g at RT until the volume reached 1 ml. To clean the sample, TBS was added
again to 6 ml, followed by centrifugation as mentioned above.

Statistical analysis. Statistical analysis was performed with GraphPad Prism (v6) software (GraphPad
Software Inc., La Jolla, CA) by an unpaired two-tailed Student’s t test or analysis of variance (ANOVA)
followed by a post hoc test. Significance values are indicated in the figure legends.
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3 RESULTS

3.7 Super-Resolution Microscopy Reveals Local Accumulation

of Plasma Membrane Gangliosides at Neisseria meningitidis

Invasion Sites

Abstract

"Neisseria meningitidis (meningococcus) is a Gram-negative bacterium responsible for

epidemic meningitis and sepsis worldwide. A critical step in the development of meningi-

tis is the interaction of bacteria with cells forming the blood-cerebrospinal �uid barrier,

which requires tight adhesion of the pathogen to highly specialized brain endothelial cells.

Two endothelial receptors, CD147 and the β2-adrenergic receptor, have been found to

be sequentially recruited by meningococci involving the interaction with type IV pilus.

Despite the identi�cation of cellular key players in bacterial adhesion the detailed mech-

anism of invasion is still poorly understood. Here, we investigated cellular dynamics and

mobility of the type IV pilus receptor CD147 upon treatment with pili enriched fractions

and speci�c antibodies directed against two extracellular Ig-like domains in living human

brain microvascular endothelial cells. Modulation of CD147 mobility after ligand binding

revealed by single-molecule tracking experiments demonstrates receptor activation and

indicates plasma membrane rearrangements. Exploiting the binding of Shiga (STxB)

and Cholera toxin B (CTxB) subunits to the two native plasma membrane sphingolipids

globotriaosylceramide (Gb3) and raft-associated monosialotetrahexosylganglioside GM1,

respectively, we investigated their involvement in bacterial invasion by super-resolution

microscopy. Structured illumination microscopy (SIM) and direct stochastic optical re-

construction microscopy (dSTORM) unraveled accumulation and coating of meningococci

with GM1 upon cellular uptake. Blocking of CTxB binding sites did not impair bacterial

adhesion but dramatically reduced bacterial invasion e�ciency. In addition, cell cycle ar-

rest in G1 phase induced by serum starvation led to an overall increase of GM1 molecules

in the plasma membrane and consequently also in bacterial invasion e�ciency. Our re-

sults will help to understand downstream signaling events after initial type IV pilus-host

cell interactions and thus have general impact on the development of new therapeutics

targeting key molecules involved in infection." [115]

The following manuscript was published on September 13th, 2019 in Frontiers in Cell and

Developmental Biology and permission for legal second publication within this thesis was

kindly granted from both the publishers and the co-authors.
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Neisseria meningitidis (meningococcus) is a Gram-negative bacterium responsible for
epidemic meningitis and sepsis worldwide. A critical step in the development of
meningitis is the interaction of bacteria with cells forming the blood-cerebrospinal
fluid barrier, which requires tight adhesion of the pathogen to highly specialized brain
endothelial cells. Two endothelial receptors, CD147 and the β2-adrenergic receptor,
have been found to be sequentially recruited by meningococci involving the interaction
with type IV pilus. Despite the identification of cellular key players in bacterial adhesion
the detailed mechanism of invasion is still poorly understood. Here, we investigated
cellular dynamics and mobility of the type IV pilus receptor CD147 upon treatment
with pili enriched fractions and specific antibodies directed against two extracellular
Ig-like domains in living human brain microvascular endothelial cells. Modulation of
CD147 mobility after ligand binding revealed by single-molecule tracking experiments
demonstrates receptor activation and indicates plasma membrane rearrangements.
Exploiting the binding of Shiga (STxB) and Cholera toxin B (CTxB) subunits to the two
native plasma membrane sphingolipids globotriaosylceramide (Gb3) and raft-associated
monosialotetrahexosylganglioside GM1, respectively, we investigated their involvement
in bacterial invasion by super-resolution microscopy. Structured illumination microscopy
(SIM) and direct stochastic optical reconstruction microscopy (dSTORM) unraveled
accumulation and coating of meningococci with GM1 upon cellular uptake. Blocking of
CTxB binding sites did not impair bacterial adhesion but dramatically reduced bacterial
invasion efficiency. In addition, cell cycle arrest in G1 phase induced by serum starvation
led to an overall increase of GM1 molecules in the plasma membrane and consequently
also in bacterial invasion efficiency. Our results will help to understand downstream
signaling events after initial type IV pilus-host cell interactions and thus have general
impact on the development of new therapeutics targeting key molecules involved
in infection.

Keywords: Neisseria meningitidis, sphingolipids, gangliosides and lipid rafts, super-resolution microscopy,
single-molecule tracking
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INTRODUCTION

The obligate human pathogenic Gram-negative bacterium
Neisseria meningitidis can cause epidemic meningitis and in
severe cases sepsis and progressing fatal shock (Stephens
et al., 2007). In healthy individuals the meningococci may
reside as commensal organisms in the nasopharynx without
affecting the host (Yazdankhah and Caugant, 2004). Under
certain circumstances, the bacteria can enter the bloodstream
and adhere to endothelial cells of blood microvessels, also
known as vascular colonization (Melican and Dumenil, 2012)
leading to inflammatory processes and disruption of the blood-
cerebrospinal fluid barrier, a crucial step in disease progression
into meningitis (reviewed in Lemichez et al., 2010). The initial
process of bacterial adhesion to brain endothelial cells is mediated
by type IV pili and its adhesion receptor CD147 on the host cell
(Bernard et al., 2014).

Recently, super-resolution microscopy by direct stochastic
optical reconstruction microscopy (dSTORM) (Heilemann
et al., 2008) demonstrated that N. meningitidis binding
to endothelial cells requires CD147/β2-adrenergic receptor
clustering at bacterial adhesion sites (Maïssa et al., 2017).
Here, the assembly of plasma membrane receptors might serve
as platform to support host-pathogen interactions. However,
the molecular process of subsequent barrier-crossing is still
under debate. Besides the investigated loosening of endothelial
tight junctions (Coureuil et al., 2009; Schubert-Unkmeir et al.,
2010) there is evidence that meningococci may use transcytotic
pathways to enter perivascular tissues (Nikulin et al., 2006;
Sutherland et al., 2010). Since signaling and interactions of
CD147 is dependent on plasma membrane cholesterol (Wu
et al., 2017) and ganglioside-enriched lipid rafts (Li et al., 2013)
downstream rearrangement of the plasma membrane might
facilitate bacterial invasion of cells.

Indeed, recent data suggests meningococcal type IV pili
dependent binding to gangliosides (Mubaiwa et al., 2017),
which has already been known for several pathogens colonizing
the respiratory tract (Krivan et al., 1988). Glycosphingolipids
in general are important host cell targets for a plenitude
of pathogens such as fungi, bacteria, and viruses (Nakayama
et al., 2018). They are composed of complex, highly variable
glycan moieties linked to a lipophilic ceramide backbone with
extensive molecular heterogeneity (Lingwood, 2011). Two well
studied glycosphingolipids with receptor functions are the
monosialotetrahexosylganglioside GM1, a prototype ganglioside,
and the globotriaosylceramide Gb3, which both interact with
protein receptors within lipid rafts to generate signaling
platforms (Mutoh et al., 1995; Ichikawa et al., 2009; Lingwood
et al., 2010; Prasanna et al., 2016).

Besides its importance in neuronal plasticity, GM1 can be
targeted by Simian virus 40 (Tsai et al., 2003), Brucella suis
(Naroeni and Porte, 2002), Cholera toxin B subunit (Cuatrecasas,
1973), Escherichia coli enterotoxin (Hyun and Kimmich, 1984),
and Vibrio cholerae enterotoxin (Otnaess et al., 1983). Gb3, also
known as CD77, is a marker for B cells entering apoptosis, but
is also exploited by the Human Immunodeficiency Virus (HIV),
or Shiga Toxin from Shigella dysenteriae (Lindberg et al., 1987;

Mangeney et al., 1991; Hammache et al., 1999). Interestingly, the
two glycosphingolipids are differentially expressed depending on
the cell-cycle with an upregulation of GM1 in G0/G1 phase and
increased expression of Gb3 in G2/M phase (Majoul et al., 2002).

Here, we first set out to investigate the mobility of
CD147 upon N. meningitidis infection by single-molecule
tracking experiments. Next, we investigated the role of
the two sphingolipids GM1 and Gb3 during infection
with N. meningitidis using fluorescently labeled CTxB and
STxB subunits, respectively. Super-resolution microscopy
by structured illumination microscopy (SIM) (Gustafsson,
2000) and direct stochastic optical reconstruction microscopy
(dSTORM) (Heilemann et al., 2008; van de Linde et al., 2011)
shows GM1 accumulation around meningococci highlighting
their significant importance for bacterial invasion.

MATERIALS AND METHODS

Bacterial Strains
Neisseria meningitidis strain MC58 was used in this study as a
representative strain. Strain MC58 is a serogroup (Sg) B strain of
the sequence type (ST)-74 (ST-32 clonal complex [cc]), which was
isolated in 1983 in the United Kingdom and was kindly provided
by E. R. Moxon (McGuinness et al., 1991). N. meningitidis
strain 8013 (clone 12, also designated 2C43) was used for the
preparation of the pili enriched fraction (PeF). This strain is
a piliated capsulated Opa-, Opc- variant of the serogroup C
meningococcal clinical isolate 8013 (ST-77/ST-8 clonal complex
(cc), Institut Pasteur, 1989) and was kindly provided by M. Taha
(Nassif et al., 1993). N. meningitidis strains were grown overnight
on Columbia blood agar plates (bioMérieux) at 37◦C and 5%
CO2 in a humidity incubator and cultured on the next day in
PPM + medium (proteose-peptone medium supplemented with
1× Kellogg’s supplement, 0.01 M MgCl2 and 0.005 M NaHCO3).

Cell Culture
Immortalized human brain microvascular endothelial cells
(HBMEC) were kindly provided by K. S. Kim (Stins et al., 1997)
and were cultured as described previously (Unkmeir et al., 2002).
Briefly, cells were cultured in RPMI-1640 medium supplemented
with 1% sodium pyruvate (1 mM), 1% L-glutamine (2 mM), 1%
non-essential amino acids (all purchased from GE Healthcare,
Little Chalfont, United Kingdom), 5 U/ml heparin (Biochrom,
Berlin, Germany) and 30 µg/ml endothelial cell growth
supplement (ECGS, CellSystems, Troisdorf, Germany). Cells
were incubated at 37◦C and 5% CO2 in a humidified atmosphere.

Infection Assays
Adhesion and invasion was determined by using the gentamicin
protection assays as described elsewhere (Simonis et al., 2014).
Briefly, cells between the 10th and 25th passages were used for
infection assays at a density of 4 × 105 cells/well. Cell medium
was changed to infection medium [RPMI + 10% human serum
(HS)] and cells were infected with MC58 at a multiplicity of
infection (MOI) of 100 for 4 h. If indicated, cells were pre-
incubated with 6.6 µg/ml CTxB in RPMI for 30 min prior to the
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medium change. To determine the number of adherent bacteria,
cells were washed three times with phosphate buffered saline
(PBS), to remove unbound bacteria, and afterward incubated
with 1% saponin in RPMI to lyse the cells. Then, the cell-
lysates were collected, diluted and plated on blood agar plates.
To determine invasive bacteria, cells were handled similar to the
adherent set with the exception of an additional incubation of the
cells with gentamicin (200 µg/ml) for 2 h prior to the saponin
treatment to kill all extracellular bacteria.

Immunofluorescence and Fluorescence
Microscopy
HBMEC were seeded onto 0.2% gelatine coated 8-well chamber
slides (Sarstedt) at a density of 2 × 104 cells/well and
incubated for at least 24 h. To avoid possible interference
of labeled CD147 receptors with the coating during single-
molecule tracking, HBMEC were seeded onto KOH cleaned
8-well glass instead. Following infection with the indicated
bacterial strain, cells were fixed with 2% formaldehyde and
0.2% glutaraldehyde for 15 min and washed. Labeling was
performed with CTxB and/or STxB (Sigma-Aldrich, custom
conjugated to Alexa Fluor 647 or Alexa Fluor 555) at a
concentration of 5 µg/ml for 1 h. Alternatively, cells were
incubated over night with Alexa Fluor 488 phalloidin as
recommended by standard protocols (Thermo Fisher Scientific).
To immobilize the toxin subunits, cells were again fixed by 2%
formaldehyde and washed with PBS before dSTORM imaging.
Samples were embedded in prolong glass antifade mountant
for SIM (Zeiss Elyra S.1) or covered with switching buffer
(100 mM Cysteamine in PBS, pH 7.7) for dSTORM. Imaging
conditions and microscope setups were used as previously
described (Burgert et al., 2017). Reconstruction from the raw
data was performed with ThunderSTORM (Ovesný et al., 2014)
or Zeiss ZEN software for dSTORM and SIM, respectively.
Spatial analysis of localization data was done with custom-
made Python software. Ripley’s h function was computed and
analyzed as described in Burgert et al. (2017). Ripley’s h function
(Kiskowski et al., 2009) was computed for experimental and
simulated data. Synthetic data with a localization density and
region equal to the experimental data was prepared from a
homogeneous point process of complete spatial randomness and
from a clustered Neyman-Scott point process in which parent
localizations are homogeneously distributed and accompanied
by normal-distributed child localizations. The number of child
localizations is Poisson distributed with a mean equal to the
number of localizations per cluster as found for the experimental
data sets. The standard deviation of the normal distribution is set
to 8 nm resembling the localization precision. Ripley’s h function
was computed 100 times from 200 random data points in order
to estimate the variance.

Single-Molecule Tracking
To perform single-molecule tracking, the non-competitive
monoclonal CD147 antibody (clone: MEM-M6/1, Biorad)
was directly coupled to the amine-reactive dye SeTau-647-
NHS (SETA Biomedicals) to obtain a degree of labeling of

1.7. After purification by size-exclusion (Zeba spin desalting
columns 40K MWCO Thermo Fisher Scientific) HBMEC
were labeled with 0.17 nM antibody solution for 5 min
at 37◦C and washed twice before imaging in FluoroBrite
DMEM media (Thermo Fisher Scientific). If stated, HBMEC
were incubated for 30 min with 10 µg/ml MEM-M6/6
CD147 antibody or 2 µg PeF/well before labeling with
MEM-M6/1 antibody. Imaging was performed at the setup
described in the microscopy methods section with exposure
time 20 ms for a total acquisition time of 100 s. Spot
detection was performed by fitting with ThunderSTORM
(Ovesný et al., 2014) and tracks generated and filtered
for minimal track length of 20 frames with the Python
implementation of the Crocker-Grier (Crocker and Grier,
1996) algorithm Trackpy (Allan et al., 2016). Mean squared
displacements of each measurement were calculated and the
resulting ensemble MSD was fit with a power law (Manzo and
Garcia-Parajo, 2015; Shen et al., 2017), MSD(τ) = αtn, yielding
the distribution of the generalized diffusion constant [α] and
anomalous exponent [n].

G1 Synchronization of HBMEC
G1 synchronization was performed using the method of serum
starvation. 24 h prior to the experiment, HBMEC growth
medium was removed and cells were washed once with PBS.
Afterward, RPMI was added and the cells were further incubated
as mentioned bevor. The cell population shift was controlled by
propodium iodid (PI) staining. For that, cells were washed once
with PBS and harvested in Eppendorf tubes. Afterward cells were
washed three times with PBS, fixed in 3.7% formaldehyde for
30 min on ice and permeabilized with 0.25% Triton X-100 in
PBS on ice. Cells were then stained with 10 µg/ml PI+ 25 µg/ml
RNase and incubated for 30 min at room temperature in the dark
and immediately analyzed afterward. 10,000 cells were analyzed
using the FACSCaliburTM flow cytometer (BD Bioscience) and
data were analyzed and graphed using FlowJo v10 (FlowJo,
LLC). The gating strategy for G1, S, and G2 phase is shown in
Supplementary Figure S5B.

Flow Cytometry
Three days prior to the experiment, 1.25 × 105 cells/ml
were seeded in a 24-well plate and grown to approximately
1 × 106 cells/ml. On the day of the infection experiment, cell
medium was replaced by RPMI + 10% HS. Cells were infected
with bacteria for 4 h. After infection, cells were washed once
with PBS, trypsinized and harvested in an Eppendorf tube.
After washing with ice cold FACS buffer (5% FCS in PBS),
cells were incubated with Alexa Fluor 647 labeled CTxB for
30 min at room temperature in the dark. After incubation, cells
were washed three times with FACS buffer and fixed in 3.7%
paraformaldehyde in PBS for 30 min at 4◦C. Afterward, cells
were washed three times with FACS buffer and 500 µl were
transferred into a FACS-tube for the measurement. 10,000 cells
were analyzed using the FACSCaliburTM flow cytometer (BD
Bioscience) and data were analyzed and graphed using FlowJo
v10 (FlowJo, LLC).
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Preparation of Pilus Enriched Fractions
(PeF)
Pilus enriched fractions (PeF) were prepared as described
previously (Peters et al., 2019). The bacterial content of 50 blood
agar plates was harvested in 40 ml of 0.15 M ethanolamine (in
PBS) with a pH of 10.5. Pili were sheared of by intensive vortexing
for 2 min followed by centrifugation at 12.000 × g for 10 min
at room temperature to remove cellular debris. The supernatant
was used for an additional centrifugation step at 21.000 × g
for 90 min to remove smaller debris. Then, the supernatant
was transferred to an Erlenmeyer flask and ammonium sulfate
saturated 0.15 M ethanolamine was added to a concentration of
10% and was incubated under continuous shacking for 30 min
at room temperature. The protein-ammonium sulfate precipitate
was then harvested by centrifugation at 21.000 × g for 15 min.
The supernatant was discarded and the pellet was re-suspended
in 0.05 M Tris buffer saline (TBS) pH 7.5. Protein solutions were
then applied to a 6 ml Viva Spin column with a 7 kDa molecular
weight cut of (MWCO) and were centrifuged at 4000 × g at
room temperature until the volume reaches 1 ml. To clean the
sample, TBS was added again to 6 ml followed by centrifugation
as mentioned above.

Statistical Analysis and Data
Visualization
Statistical analysis was performed by either unpaired two-tailed
Student’s t-test or analysis of variance (ANOVA) test followed
by a post hoc test. Significance values are indicated by asterisks:
∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001.
Normality was tested using the Kolmogorov–Smirnov test. Data
was visualized as box plots showing the interquartile range (IQR)
of the data with median as line and mean as square. The whiskers
represent the lowest and highest value within 1.5 IQR of the
lower and upper quartile, respectively. Outliers are shown as filled
squares outside the IQR box.

RESULTS

Single-Molecule Tracking Reveals
Modulation of CD147 Receptor Mobility
Upon Interaction
It has been shown that CD147 and β2-adrenergic receptor
(ß2AR) are organized in pre-existing complexes at the plasma
membrane of endothelial cells, which accumulate at sites
of meningococcal adhesion (Maïssa et al., 2017). This local
enrichment of CD147-ß2AR complexes in the plasma membrane
possibly allows bacteria to adhere to vascular walls in vivo and
resist hemodynamic forces of blood flow. Since accumulation
of receptors at bacterial adhesion sites requires a high mobility
in the plasma membrane we performed live-cell single-molecule
tracking experiments of CD147 under various experimental
conditions using an N-terminal binding monoclonal antibody
(MEM-6/1) directly conjugated to the photostable fluorescent
dye SeTau-647 (Tsunoyama et al., 2018). In contrast to the
membrane-proximal binding monoclonal antibody MEM-6/6

(Figure 1A) MEM-6/1 does not compete with the binding
site of type IV pili as demonstrated by single-molecule
tracking experiments of human brain microvascular endothelial
cells (HBMEC) pretreated with saturating concentrations of
pilus enriched fraction (PeF) (Figure 1A and Supplementary
Figure S1; Bernard et al., 2014). Pretreatment with saturating PeF
concentration did significantly reduce the number of accessible
MEM-M6/1 epitopes during individual single-molecule tracking
experiments (Supplementary Figure S1).

Using SeTau-647 labeled MEM-6/1 antibodies we followed
CD147 on the basal plasma membrane of human brain
microvascular endothelial cells (HBMEC) for a duration of 100 s
with a time resolution of 20 ms using total internal reflection
fluorescence (TIRF) microscopy (Figure 1B and Supplementary
Video S1). For quantification of diffusion dynamics, we analyzed
the mean square displacement (MSD) and fitted it with a power
law (Manzo and Garcia-Parajo, 2015; Shen et al., 2017):

MSD(τ ) = ατn

Treatment of HBMEC with the competitive MEM 6/6
antibody reduced the generalized diffusion constant α

(Figure 1C) as well as the number of localized CD147 molecules
(Supplementary Figure S1) whereas the anomalous diffusion
exponent n remained unaltered (Figure 1D). Addition of
meningococcal PeF before (pre-treated) and after labeling
(post-treated) increased α and n only slightly (Figures 1C,D)
demonstrating that PeF does not significantly change the
mobility of the neisserial type IV pili receptor CD147. Still, the
slight changes in mobility observed may indicate cytoskeletal
rearrangements of the plasma membrane sphingolipid
organization. Indeed a recent study revealed an increase in
ceramide-rich platforms upon treatment of HBMEC with type
IV pili (Peters et al., 2019). Therefore, we investigated the
distribution and localization of the native glycosphingolipids
GM1 and Gb3 by super-resolution microscopy.

Rearrangement of Plasma Membrane
Sphingolipids During Meningococcal
Infection
To investigate possible changes in lipid organization upon
meningococcal adhesion we visualized the distribution of the
two sphingolipids GM1 and Gb3 in the plasma membrane of
brain endothelial cells using the cholera toxin B (CTxB) and
shiga toxin B (STxB) subunit, respectively. Two-color confocal
laser scanning images of HBMEC show that GM1 and Gb3
exhibit cell-cycle dependent expression rates (Figure 2A), only
in S phase both sphingolipids are expressed and simultaneously
detectable in the plasma membrane (Majoul et al., 2002).
Corresponding dSTORM images show that GM1 and Gb3 are
homogeneously distributed throughout the plasma membrane of
HBMEC (Figures 2B–D) without clear indication of clustering
(Supplementary Figure S2). Analysis of the spatial distribution
of localization data by Ripley’s h function indicates merely
clusters on length scales similar to the dSTORM localization
precision (∼8 nm). These clusters originate from repeated
detection of fluorophores on each toxin subunit. The number
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FIGURE 1 | Single-molecule tracking of CD147 on HBMEC using monoclonal antibodies. (A) CD147 is a single pass membrane protein with two extracellular Ig-like
domains. The N-terminal IgC2 domain is recognized by the MEM-M6/1 antibody which was conjugated to the photostable dye SeTau-647 (Tsunoyama et al., 2018)
and used for single-molecule tracking. The membrane proximal IgI domain is the binding site for MEM-M6/6 and type IV pili of N. meningitidis. (B) Example of CD147
single-molecule tracks. SeTau-647 coupled MEM-M6/1 is depicted in cyan with corresponding local tracks in yellow. Overlay was created with the Fiji (Schindelin
et al., 2012) plugin TrackMate (Tinevez et al., 2017). Scale bar, 1 µm. (C) The diffusion coefficient of CD147 is reduced upon pretreatment with 10 µg/ml MEM-M6/6
and hardly affected by PeF treatment. Values represent individual single-molecule tracking experiments. (D) The anomalous diffusion exponent is not affected by
MEM-M6/6 treatment but increases slightly upon PeF treatment. Significance values are indicated by asterisks: ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001.

of localizations per cluster (as quantified by the DBSCAN
clustering algorithm) follows the degree of labeling of pentameric
CTxB (0.9) and STxB (0.5). The same observations were made
on toxin subunits unspecifically bound to the glass surface
(Supplementary Figure S3).

Upon infection of cells with N. meningitidis the plasma
membrane distribution of Gb3 remained unchanged
(Figures 3A,B). In contrast GM1 showed a remarkable increase
in fluorescence intensity around adhesive meningococci on
the plasma membrane of HBMEC (Figure 4A). dSTORM
images of CTxB labeled HBMEC in the presence of

meningococci were recorded from an axial plane slightly
above the equatorial plane under epi-illumination to ensure
imaging of a large part of the cellular plasma membrane
with adhesive bacteria (Figure 4B). Our data clearly
demonstrate strong accumulation of the ganglioside GM1
around adhesive bacteria (Figure 4B) whereas uninfected
HBMEC show a homogeneous distribution of GM1 in
the plasma membrane (Figure 2). To exclude non-specific
binding of CTxB and STxB to meningococci, bacteria were
seeded onto glass without HBMEC, labeled and imaged by
dSTORM. The corresponding images show that the two
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FIGURE 2 | Visualization of sphingolipids GM1 and Gb3 in the plasma membrane of brain endothelial cells. (A) Confocal laser scanning microscopy images of GM1
(magenta) and Gb3 (green) labeled with CTxB-Alexa Fluor 647 (magenta) and STxB-Alexa Fluor 555 (green), respectively. Scale bar, 20 µm. (B) 2D dSTORM images
of GM1 labeled with CTxB-Alexa Fluor 647, and (C) Gb3 labeled with STxB-Alexa Fluor 647 showing a homogeneous distribution of the two sphingolipids in the
plasma membrane of HBMEC. Scale bar, 5 µm. (D) Expanded views of the white boxed regions showing homogeneous distributions of CTxB (D) and STxB (E).
Both regions are representative areas which were used for cluster analysis by Ripley’s h function (Supplementary Figure S2). Scale bar 2 µm.
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FIGURE 3 | Fluorescence microscopy of Gb3 in the plasma membrane of
brain endothelial cells during N. meningitidis infection. (A) Confocal laser
scanning microscopy of HBMEC labeled with STxB-Alexa Fluor 555
(magenta) and infected with GFP expressing N. meningitidis (green). No
accumulation of Gb3 was observed at invasion sites. Scale bar, 5 µm.
(B) Super-resolution dSTORM image showing that the distribution of Gb3 in
the plasma membrane of HBMEC does not change upon infection with
meningococci (green). Gb3 was labeled with Alexa Fluor 647 conjugated
STxB (red). The diffraction limited GFP signal was upscaled for the overlay.
Same imaging and analysis parameters were used for the dSTORM image as
in Figure 2. Scale bar, 5 µm.

sphingolipids do not bind non-specifically to meningococci
(Supplementary Figure S3).

Next, we tested if CD147 and actin as highly conserved
key cytoskeletal protein involved in organization of the plasma
membrane, colocalize with GM1 and accumulate around
meningococci adhesion sites on the plasma membrane of
HBMEC (Coureuil et al., 2010; Maïssa et al., 2017). However,
SIM images show strong colocalization of the adhesion receptor
CD147 and actin but no enrichment or morphological change at
invasion sites of bacteria (Supplementary Figure S4).

Increased Bacterial Invasion Upon G1
Phase Arrest and GM1 Upregulation
Since the expression of GM1 and Gb3 is highest in G1 and
G2 phase of the cell cycle, respectively (Majoul et al., 2002) we
next investigated cell cycle dependent effects on the adhesion
and invasion efficiency of N. meningitidis. Serum starvation 24 h
before the experiment caused a significant increase of HBMEC

residing in G1 phase as demonstrated by PI staining of the DNA
and flow cytometry analysis (Supplementary Figures S5A,B).
Simultaneously the concentration of ganglioside GM1 present
in the plasma membrane in G1 phase increased substantially
(Supplementary Figure S5C).

Interestingly, infection of G1 phase arrested cells caused an
even more pronounced increase of GM1 levels present in the
plasma membrane of HBMEC (Supplementary Figure S5C).
To analyze effects of increased GM1 levels during G1 phase
on bacterial adhesion and invasion we performed gentamicin
protection assays to estimate the number of adherent or invasive
bacteria by counting of residual bacterial colonies. Here, bacterial
adhesion was neither influenced by serum starvation of host
cells nor blocking of GM1 by unlabeled CTxB (Figure 5B). In
contrast, invasion of HBMEC by meningococci was significantly
increased in synchronized cells and this effect could be abolished
by blocking of GM1 (Figure 5A).

DISCUSSION

Single-molecule tracking enables the observation of highly
dynamic processes from viral cell entry mechanisms (Ruthardt
et al., 2011) to ligand-binding (Yanagawa et al., 2018) at high
spatiotemporal resolution. Upon ligand-binding and subsequent
activation, receptors typically undergo conformational changes
and/or changes in oligomerization states, which is often
accompanied by reduced mobility resulting in decreased
diffusion coefficients (Chung et al., 2010; Yanagawa et al., 2018).
In this study, we could show that the presence of a PeF alone
did not significantly change the diffusion coefficient of neisserial
type IV pilus receptor CD147. Rather, our data indicate a
slightly altered type of mobility toward normal diffusion which
might indicate cytoskeletal rearrangements or modulation of the
plasma membrane lipid environment. Interestingly, addition of
the monoclonal M6/6 antibody before single-molecule tracking
experiments resulted in a strong decrease in the number of M6/1
antibodies bound on the plasma membrane.

Since both antibodies are capable to bind to monomeric and
dimeric CD147 molecules (Koch et al., 1999) M6/6 antibody-
induced clustering resulting in a reduced M6/1 antibody
epitope accessibility can be excluded as explanation. Instead,
the following hypotheses seem to be more plausible. Binding
of M6/6 to the membrane proximal Ig-like domain might
activate the receptor and induce the local production of matrix
metalloproteinases leading to subsequent receptor shedding.
Indeed, CD147-induced expression of matrix metalloproteinases
results in proteolytic cleavage of membrane-associated CD147
and an increase of its soluble form (Tang et al., 2004).
Additionally, the diffusion coefficient of CD147 was significantly
reduced upon M6/6 antibody binding indicating that activation
of CD147 reduces its mobility in the plasma membrane
(Figure 1C). Notably, the M6/6 antibody has unique properties
and can inhibit OKT3-induced T cell proliferation (Koch et al.,
1999) or modulate multidrug resistance (Somno et al., 2016). This
implies that CD147 signaling might influence plasma membrane
organization and promote immobilization of the receptor. For
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FIGURE 4 | Fluorescence imaging of GM1 in HBMEC upon infection with GFP expressing N. meningitidis. (A) Widefield fluorescence images of meningococci
(green) and GM1 labeled with Alexa Fluor 647 CTxB (magenta). Scale bar, 5 µm. (B) dSTORM image showing strong accumulation of GM1 around infection sites.
The lower right corner shows a schematic model illustrating the mode of imaging. Adherent HBMEC were irradiated by epi-illumination. Detection was performed in
an axial plane ensuring the imaging of a substantial part of the plasma membrane (light blue area). The axial area captured by the 2D dSTORM image is determined
to approximately 800 nm by the blurring of the point spread function above and below the imaging plane and data analysis parameter. Scale bar 1 µm.

this reason, following studies should dissect effects introduced
by specific binding characteristics of the antibodies by using
monovalent Fab fragments.

In contrast, addition of PeF did slightly increase the
mobility of CD147 receptors (Figure 1D) although neisserial

type IV pili and the M6/6 antibody compete for the same
binding site (Bernard et al., 2014). In general, the affinity of
the PilE and PilV monomers to CD147 is low and the need
for multimeric organization as type IV pili seems to play an
important role in mediating adherence (Bernard et al., 2014).
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FIGURE 5 | Adhesion and invasion efficacy of N. meningitidis upon cell cycle arrest of HBMEC in G1 phase and CTxB pre-treatment. (A) The number of invasive
meningococci was determined by gentamicin protection assays. Here, all extracellular bacteria were killed by incubation for 2 h in gentamicin solution and
intracellular bacteria counted. Non-synchronized or G1 synchronized cells were preincubated with 6.6 µg/ml CtxB for 30 min at 37◦C (if indicated) and afterward
infected with MC58 for 4 h with a MOI of 100. (B) The number of adhesive bacteria was determined by counting of residual meningococci colonies after thorough
washing and lysis of HBMEC.

Since our pili preparation contains mainly monomeric
pilin subunits, as shown by Peters et al. (2019), incubation
with our PeF preparation might not resemble the native
condition where in addition to the multimeric assembly as
pilus fibers whole micrometer-sized bacteria are attached
to CD147. It seems thus more likely, that binding of the
competitive M6/6 antibody reflects the native interaction of

type IV pili with CD147 although this has to be verified in
future experiments.

Glycosphingolipids represent important pathogen receptors
(Nakayama et al., 2018) with thousands of possible structures.
Notably, bacterial lipopolysaccharides are able to mimic host
cell glycosphingolipids causing evasion of the immune system
or leading to autoimmune diseases (Harvey et al., 2001).

FIGURE 6 | Hypothetic model of meningococcal host cell invasion. N. meningitidis adhere with type IV pili to the membrane proximal Ig-like domain of CD147. After
enrichment of β2-adrenergic receptor and actin downstream signaling cascades are triggered causing cell cycle arrest in G1 to S phase. Cell cycle dependent
upregulation of GM1 at the plasma membrane increases the invasion efficacy of N. meningitidis. Bacteria interact with plasma membrane GM1 gangliosides
facilitating entry into the cell or evasion from the human immune system. Drawing not to scale.
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Although several possible host glycosphingolipids binding
partners have been identified for N. meningitidis (Hugosson
et al., 1998; Mubaiwa et al., 2017) molecular information about
their involvement in pathogen interactions remained elusive.
Furthermore, with a bacteria size of approximately 1 µm,
the molecular details of host-bacteria interactions are difficult
to image with conventional diffraction-limited fluorescence
microscopy. Using single-molecule sensitive dSTORM we could
show that gangliosides are important host cell receptors
mediating cellular entry of meningococcus by accumulating at
bacterial adhesion sites (Figure 4B). Here, it has to be considered
that CTxB does not exclusively bind to GM1 but possibly also to
a plethora of other gangliosides (Kuziemko et al., 1996). Upon
binding CTxB can be endocytosed via caveolae and clathrin-
independent pathways although clathrin-mediated endocytosis
seems to cover the major fraction (Torgersen et al., 2001). Which
pathways are used in the context of meningococcal invasion and
whether the bacteria are able to locally induce upregulation of
GM1 or if this is a passive event triggered by cell cycle modulation
is presently unknown and requires further experiments. Of note,
pentameric STxB and CTxB possess multiple binding sites for
individual glycosphingolipids and binding can be influenced by
the chain length and saturation state of the attached fatty acid
(Pellizzari et al., 1992; Kiarash et al., 1994). In order to reduce
possible effects induced by multivalent toxin binding we fixed the
cells before labeling to immobilize the binding partners.

However, our findings demonstrate that cell cycle arrest in G1
phase causes an increase of plasma membrane GM1 molecules
leading to enhanced bacterial uptake. Blocking of GM1 strongly
reduces infection efficiency implying the importance of plasma
membrane gangliosides for bacterial invasion. N. meningitidis
infection can cause accumulation of brain endothelial cells in
S phase (Oosthuysen et al., 2016) and of human epithelial cells
in G1 phase (Papen et al., 2016) and both cell cycle phases are
positive for CTxB labeling (Majoul et al., 2002). Therefore, we
propose a model where meningococci regulate their own uptake
by initiating a positive feedback loop (Figure 6). The increased
invasion efficacy should thus even be more pronounced in human
epithelial cells whose gangliosides have already been described to
interact with Pseudomonas aeruginosa pili (Comolli et al., 1999).
We assume that this mechanism might play an important role in
the initial uptake from the nasopharynx into the blood. Blocking
this interaction could represent a promising method to avoid life-
threatening dissemination of meningococci and help to develop
therapeutic approaches for bacterial clearance.
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FIGURE S1 | Number of localizations detected during individual CD147
single-molecule tracking experiments on HBMEC. CD147 was labeled with
subnanomolar concentrations of monoclonal CD147 MEM-M6/1 antibody
conjugated to SeTau647. Localizations were detected by fitting with
ThunderSTORM (Ovesný et al., 2014). HBMEC were seeded on KOH cleaned
glass and pre-treated with 10 µg/ml MEM-M6/6 CD147 antibody or 2 µg
PeF/well before labeling with MEM-M6/1 antibody, if stated.

FIGURE S2 | Spatial distribution analysis of dSTORM data (red line). Ripley’s h
function was estimated 100 times (gray data curves with mean shown in color) for
the dSTORM data representing GM1 labeled with CTxB-Alexa647 (left) and Gb3
labeled with STxB-Alexa647 (right) as shown in Figures 2C,D, respectively. For
comparisn, Ripley’s h function is shown for simulated data that represents a point
process of complete spatial randomness (blue) and a clustered point process
representing spatial clusters due to repeated localizations per toxin. The data
indicates that experimental data is largely controlled by the photophysical
clustering showing a homogeneous distribution of the two sphingolipids in the
plasma membrane of HBMEC. The peak positions are found at nearly identical
positions of (left) 27 nm and 22 nm and of (right) 38 nm and 21 nm for
experimental and simulated data, representatively.

FIGURE S3 | dSTORM images of GM1 and Gb3 of GFP expressing
N. meningitidis (green) without HBMEC labeled with Alexa Fluor 647 conjugated
CTxB or STxB. Both toxins non-specifically bind to the coverslip but do not show
any accumulation at bacteria. The diffraction limited GFP signal was upscaled for
the overlay. Scale bar, 5 µm.

FIGURE S4 | SIM images of GFP expressing meningococci infected HBMEC.
CD147 labeled with monoclonal MEM-M6/1 and secondary F(ab)2-Alexa Fluor
647 (magenta). Actin labeled with phalloidin Atto565 (gray). GFP signal of
meningococci (green) and overlay of the three images showing that CD147 and
actin colocalize but do not accumulate at bacterial adhesion sites. Scale
bar, 10 µm.

FIGURE S5 | Flow cytometry analysis of cell cycle state and average ganglioside
GM1 concentration present in the plasma membrane of HMBEC. (A) Serum
starvation was performed 24 h prior to the experiment by replacing the growth
medium with RPMI. On the next day, cells were harvested, fixed, permeabilized
and stained with PI (10 µg/ml PI + 25 µg/ml RNase) for 30 min in the dark at
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room temperature. Afterward, PI incooperation was estimated via flow cytometry.
Histogram of unsynchronized and G1 synchronized cells with the indicated gating
strategy shown in (B). (C) For the analysis of cell surface GM1, cells were stained
with Alexa Fluor 647 conjugated CtxB for 30 min at room temperature in the dark.

Then, cells were fixed for 30 min at 4◦C, washed three times with FACS buffer and
analyzed by flow cytometry.

VIDEO S1 | Examples of CD147 single-molecule tracks measured from one cell.
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3.8 Super-Resolution Microscopy of Sphingolipids

Introduction

"Sphingolipids are key players in infection and homeostasis of health and disease. They

serve as important structural components of biological membranes and maintain the in-

dispensable heterogeneity of the plasma membrane. Nevertheless, their investigation is

hindered by their size well below the di�raction limit of light and their highly dynamic

behavior. Emerging single-molecule sensitive superresolution microscopy techniques such

as direct stochastic optical reconstruction microscopy (dSTORM) [84] and photoactivated

localization microscopy [78] have the potential to provide information about the distribu-

tion of plasma membrane components with virtually molecular spatial resolution in health

and disease [110, 115, 116]. New powerful techniques, such as STED-FCS, even allow to

follow fast lipid nanoscale dynamics in living cells [117�119]. Through the accessibility

of commercial instruments, these techniques are nowadays available at many laboratories

and broadly applied. However, superresolution imaging of plasma membrane components

and particular lipids are error-prone due to their residual mobility even after strong �x-

ation. We provide e�cient sample preparation and data acquisition methods enabling

artifact-free imaging of sphingolipid microdomains by superresolution microscopy."
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kindly granted from both the publishers and the co-authors.
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1Chapter 17

2Superresolution Microscopy of Sphingolipids

3Jan Schlegel and Markus Sauer

4Abstract

5This chapter provides a step-by-step protocol AU1to label and visualize sphingolipids by superresolution
6microscopy with a special focus on single-molecule localization microscopy by dSTORM. We provide
7information on custom fluorophore conjugation to raft-associated toxins and antibodies, and a labeling
8protocol for appropriate sample treatment.

9Key words Superresolution microscopy, dSTORM, Sphingolipids

101 Introduction

11Sphingolipids are key players in infection and homeostasis of health
12and disease. They serve as important structural components of
13biological membranes and maintain the indispensable heterogene-
14ity of the plasma membrane. Nevertheless, their investigation is
15hindered by their size well below the diffraction limit of light and
16their highly dynamic behavior. Emerging single-molecule sensitive
17superresolution microscopy techniques such as direct stochastic
18optical reconstruction microscopy (dSTORM) [1] and photoacti-
19vated localization microscopy [2] have the potential to provide
20information about the distribution of plasma membrane compo-
21nents with virtually molecular spatial resolution in health and dis-
22ease [3–5]. New powerful techniques, such as STED-FCS,
23even allow to follow fast lipid nanoscale dynamics in living cells
24[6–8]. Through the accessibility of commercial instruments, these
25techniques are nowadays available at many laboratories and broadly
26applied. However, superresolution imaging of plasma membrane
27components and particular lipids are error-prone due to their resid-
28ual mobility even after strong fixation. We provide efficient sample
29preparation and data acquisition methods enabling artifact-free
30imaging of sphingolipid microdomains by superresolution
31microscopy.

Erhard Bieberich (ed.), Lipid Rafts: Methods and Protocols, Methods in Molecular Biology, vol. 2187,
https://doi.org/10.1007/978-1-0716-0814-2_17, © Springer Science+Business Media, LLC, part of Springer Nature 2020
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322 Materials

2.1 Antibodies and

Toxins

331. Dissolve antibodies and toxins as recommended by the supplier
34and avoid freeze–thaw cycles by preparing appropriate aliquots.
35Sphingolipid specific antibodies or toxins can be purchased by
36local suppliers or upon request from corresponding working
37group. Handle proteins as recommended by the supplier to
38avoid loss of reactivity (seeNote 1). The following table depicts
39toxins and antibodies which were successfully used for single-
40molecule localization microscopy of sphingolipids (Fig. 1):

41Molecule Target References

42Shiga toxin B subunit
43(STxB)

Globotriaosylceramide (Gb3) Schlegel
et al. [5]

44Cholera toxin B subunit
45(CTxB)

Monosialotetrahexosylganglioside
(GM1)

Schlegel
et al. [5]

46Ceramide IgG antibody Ceramides with varying chain
length

Burgert
et al. [3]

47θ-Toxin D4 Plasma membrane cholesterol Mizuno
et al. [4]

48

2.2 Amine

Reactive Dyes

491. Amine reactive dyes: 1 mg Alexa Fluor 647 N-hydroxysuccini-
50mide (NHS) ester, 1 mg Alexa Fluor 532 NHS ester. For
51preparation of amine reactive dyes see Note 2.
52

2.3 Antibody and

Toxin Coupling

531. Cross-linking buffer: 100 mM sodium bicarbonate, pH 8.3.
54Dilute 10 mL ultrapure water with 84.01 mg sodium bicar-
55bonate to obtain a 100mMbicarbonate buffer with pH of ~8.3
56(see Note 2). Filter cross-linking buffer by using syringe filters
57with pore sizes of 0.2 μm.

582. Storage buffer: PBS with 0.02% sodium azide (see Note 3).

593. The dye of choice functionalized as NHS ester.

604. Size-exclusion spin columns with molecular weight cut off
617 kDa and volume capacity ~100 μL.
625. UV-Vis spectrophotometer for microvolume samples.
63

2.4 Staining and

Superresolution

Microscopy by

dSTORM

641. Chambered high-precision cover glass with glass bottom suit-
65able for superresolution microscopy.

662. Glass cleaning solution: 1 M KOH sterile filtered.

673. Coating solution: 0.1 mg/mL poly-D-lysine in water. Dilute
685 mg of poly-D-lysine in 50 mL ultrapure water. Sterile filtered
69and aliquoted solution can be stored for up to 2 years at
702–8 �C.
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714. Live-cell labeling solution: Hank’s Balanced Salt Solution
72(HBSS) with calcium and magnesium.

735. Fixation solution: 2% Formaldehyde 0.2% glutaraldehyde
74in PBS.

756. Blocking solution: 5% BSA in PBS.

767. Switching buffer: 100 mM β-mercaptoethylamine (β-MEA) in
77PBS, pH 7.4–7.7. Always prepare fresh switching buffer just
78before performing dSTORM. Dilute 114 mg cysteamine
79hydrochloride in 10 mL PBS and adjust pH to ~7.5 by addition
80of ~30 μL 5 M KOH solution (seeNote 4). Always wear gloves
81and safety glasses when working with high concentrations
82of KOH.

Fig. 1 Molecular structures and dSTORM images of STxB and CTxB. (a) Molecular structure of pentameric
STxB (PDB: 1C48) [18]. Each monomer is depicted in a different color and all five lysine residues of one
monomer are shown in orange. (b) Molecular structure of pentameric CTxB (PDB: 1JR0) [19]. Each monomer
is depicted in a different color and all eight lysine residues of one monomer are shown in orange. (c) dSTORM
image of the basal plasma membrane of an eukaryotic cell labeled with STxB Alexa Fluor 647 as described in
the abovementioned fixation protocol. (d) dSTORM image of the basal plasma membrane of an eukaryotic cell
labeled with CTxB Alexa Fluor 647 as described in the abovementioned fixation protocol. Note the fine
underlying structure of plasma membrane protrusions highlighted in the insets. Scale bar, 10 μm and 1 μm
(insets). (dSTORM images were adapted from [5])
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838. Optical cleaning solution: 85% petroleum ether 15%
84isopropanol.
85

2.5 Microscopy

Setup

861. To perform dSTORM we recommend the use of an inverted
87wide-field TIRF microscope in combination with high NA
88objectives. Alexa Fluor 647 and Alexa Fluor 532 should be
89excited with spectrally cleaned laser lines around 640 nm and
90530 nm, respectively. The laser powers should be high enough
91to approach irradiation intensities of ~7 kW/cm2 at the sample.
92A corresponding filter cube with excitation and emission filters
93as well as dichroic mirror should be used to collect as much
94fluorescence as possible and to block unwanted excitation light
95in the direction of the camera. Single-photon sensitive
96EMCCD or sCMOS cameras with high quantum efficiency
97should be used.
98

993 Methods

3.1 Antibody and

Toxin Coupling

1001. Dilute lyophilized antibodies or toxins directly in cross-linking
101buffer to obtain solutions with concentrations around ~2 mg/
102mL. Higher concentrations may improve the subsequent cross-
103linking reaction. If the lyophilized powder already contains
104primary amines (e.g., Tris) reconstitute the proteins as recom-
105mended by the supplier and proceed with step 2 to exchange
106the buffer with cross-linking buffer. Otherwise proceed with
107step 3.

1082. Follow the protocol provided with the size-exclusion spin col-
109umns to exchange the buffer with cross-linking buffer.

1103. Dilute the amine reactive NHS-modified dye in high-grade
111anhydrous DMSO to desired concentration. Usually, concen-
112trations around 5–10 mM are convenient because it is still
113below the solubility limit of most dyes but high enough to
114reduce the amount of residual DMSO in the final staining
115solution. Incubate the dissolved dye for 15 min. at room
116temperature in the dark and check if it is completely solubi-
117lized. Add a 5 to 15-fold molar excess of the dye to the proteins
118and mix carefully by pipetting up and down a few times. Allow
119the cross-linking reaction to take place for at least 1 h at room
120temperature in the dark on a nutating mixer or use other
121continuous stirring. This reaction can also be performed for
1224 h at 4 �C for fragile proteins.

1234. Follow the protocol provided with the size-exclusion spin col-
124umns to exchange the buffer with storage buffer. Proteins
125more prone to denaturation can be stabilized by adding BSA
126at a concentration of 1–10 mg/mL.
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1275. Determine the degree of labeling (DOL): Measure the absor-
128bance spectrum of the sample from 250 to 800 nm. Use
129storage buffer as blank and calculate the DOL with the follow-
130ing equation:

DOL ¼ Amax � εprot
A280 �Amax � C280ð Þ � εprot

131

132where Amax is the absorbance maximum at the maximal
133absorbance wavelength of the dye. The molar extinction coef-
134ficient of the protein εprot in M�1 cm�1 for a typical IgG
135antibody is ~210,000 M�1 cm�1 but varies depending on the
136protein sequence. If there is no information from the vendor
137one can compute the theoretical value with the ProtParam tool
138[9]. The theoretical molar extinction coefficient for the mono-
139meric toxins STxB and CTxB are ~8600 M�1 cm�1 and
140~10,000 M�1 cm�1, respectively.

1416. Check the functionality of your protein–fluorophore conjugate
142after conjugation of the dye. Depending on the cross-linking
143site within the protein, the binding affinity can be influenced.
144This can be checked by feeding the cells with the commercially
145available target molecules following the labeling procedure
146described in the next section.
147

3.2 Sample

Preparation and

Labeling

1481. Prepare the glass surface for subsequent cell attachment by
149incubation with glass cleaning solution for at least 1 h. Wash
150the glass thoroughly with water to remove residual KOH and
151allow the surface to dry in a sterile environment. Add coating
152solution onto the glass surface and incubate at 37 �C for 1 h.
153Add enough volume to get a homogenous distribution and
154coating. Wash again three times with water and allow the
155surface to dry (see Note 5).

1562. Seed cells at appropriate density in cell culture medium onto
157the coated glass surface and incubate for a minimum of 24 h in
158the incubator. To use the live-cell labeling protocol follow step
1593. To use the fixation protocol follow step 6 (see Note 6).

1603. To perform live-cell labeling incubate the cells for 5 min. at
161room temperature and put them on a smooth scratch-resistant
162surface on ice. Incubate for 5 min on ice.

1634. Wash the cells once with ice-cold live-cell labeling solution and
164add the conjugated toxin or antibody diluted in HBSS onto the
165cells. Test different concentrations in initial experiments to
166estimate the optimal dilution. Usually, concentrations between
1671 and 5 μg/mL are sufficient. Incubate for 30 and 60 min. in
168the dark.

1695. Wash three times with ice-cold live-cell labeling solution and fix
170the cells by addition of ice-cold fixation solution. Incubate for
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17115 min. on ice and 20 min. at room temperature. Wash cells
172three times with PBS and performmicroscopic investigations as
173soon as possible.

1746. If available, perform the following step on a 37 �C prewarmed
175heating plate in the fume hood. Wash the cells once with 37 �C
176prewarmed HBSS and add prewarmed fixation solution. Incu-
177bate the cells for 20 min at 37 �C. Wash cells three times
178with PBS.

1797. Add blocking buffer and incubate for 30 min at room temper-
180ature. Add the conjugated toxin or antibody diluted in block-
181ing buffer onto the cells. Test different concentrations in initial
182experiments to estimate the optimal dilution. Usually, concen-
183trations between 1 and 5 μg/mL are sufficient. Incubate for
18460 min in the dark and wash three times with PBS.

1858. Add fixation solution to immobilize all molecules and incubate
186for 20 min. Wash three times with PBS and immediately per-
187form microscopic investigations (see Note 7).
188

3.3 Data Acquisition

and Analysis

1891. A detailed description of the principle and protocols of
190performing dSTORM is provided in the literature [10–
19112]. The following steps should serve as guideline to perform
192initial experiments. Add sufficient switching buffer to the cells
193until they are covered and transfer the sample to the dSTORM
194setup. Adjust the objective correction collar to the thickness of
195the cover glass and clean the glass surface and front lens of the
196objective by adding a few drops of optical cleaning solution
197onto delicate task wipes and gentle movement in one direction.
198Add a drop of immersion fluid on the objective and allow to
199form contact without introducing air bubbles. Set the focus to
200the basal membrane of the plasma membrane on the camera
201and wait for 10 min. to reduce drift. Check again the focus and
202proceed with the measurement.

2032. Set exposure time to 20 ms and increase the laser power until
204fluorophores start to switch between a nonfluorescent off- and
205a fluorescent on-state. It is important to operate the camera in a
206very sensitive mode while using enough laser power to ensure
207efficient photoswitching (blinking) of the fluorophores. Start
208the measurement when single fluorophores can be detected as
209well separated spots and record 20,000 frames.

2103. Spot detection and image reconstruction can be performed
211with several superresolution data analysis packages [13–16]
212which have been tested and compared recently [17].
213
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2144 Notes

2151. Some proteins are only stable in specific buffers which are not
216compatible with the protocol described here. For example
217buffers containing high amounts of stabilizing proteins or
218additional primary amines will impede fluorophore conjuga-
219tion. In this case we recommend to apply classical two-step
220immunofluorescence labeling with primary and secondary fluo-
221rescent antibodies.

2222. Amine reactive dyes should be used as fresh as possible and
223dissolved just before the experiments in anhydrous high-grade
224DMSO. In general, only ultrapure and sterile filtered solutions
225should be used. To perform dSTORM we recommend the use
226of Alexa Fluor 647 or Alexa Fluor 532 NHS esters.

2273. The half-life of hydrolysis of the NHS ester decreases with
228increasing pH of the buffer and can compete with the primary
229amine reaction. For less concentrated protein samples HEPES
230buffers with lower pH around 7.2 should be used in combina-
231tion with extended cross-linking times. Note that no Tris buff-
232ered solutions should be used for cross-linking since any
233additional primary amines will interfere with the reaction.

2344. Sodium azide may be added as a preservative but may interfere
235with bioorthogonal strain promoted alkyne-azide cycloaddi-
236tion (SPAAC). We recommend storage in pure PBS when
237additional SPAAC reactions are performed. Additional infor-
238mation on performing SPAAC experiments in combination
239with superresolution microscopy are accessible in the literature
240[20, 21].

2415. There are several different protocols for the preparation of
242convenient switching buffers depending on the blinking char-
243acteristics of the dyes. The mentioned switching buffer should
244work fine in most applications but adaption of the pH value
245should be considered when performing two-color measure-
246ments. Moreover, the addition of an oxygen scavenger system
247to deplete molecular oxygen may improve blinking character-
248istics for Alexa Fluor 647. A good overview about fluorophore–
249buffer combinations is described in the following
250publication [10].

2516. Different cell lines may require different coating procedures to
252ensure appropriate cell attachment. Cells with strong adhesion
253capabilities usually grow without any coating and can be seeded
254onto the pure cleaned glass surface, which can reduce nonspe-
255cific background.
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2567. Fixation of the cells before labeling can influence the number of
257accessible epitopes and lead to weak permeabilization of the
258plasma membrane. In event of low signal or strong unwanted
259intracellular staining we recommend to use the live-cell labeling
260protocol. Since toxin binding can also influence the molecular
261distribution of sphingolipids in the plasma membrane we rec-
262ommend to follow the fixation protocol whenever possible. In
263addition, plasma membrane behavior is strongly temperature
264dependent and low temperature specific effects might be
265measured.

2668. To check complete immobilization of the proteins fluorescence
267recovery after photobleaching (FRAP) experiments can be per-
268formed on a conventional laser scanning microscope (LSM)
269(Fig. 2). A detailed review about studying protein dynamics can
270be found elsewhere [22].

Fig. 2 Residual mobility of azido-modified sphingolipid analogs [23] after fixation
can be checked by FRAP. (a) Region of interest was bleached after three frames
and intensity recovery followed over time. Magenta squares represent individual
data points of an insufficiently fixed sample and green circles of an adequately
fixed sample. Solid lines represent the fitted values with mobile fractions of
~80% (magenta) and ~7% (green), respectively
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34213. Wolter S, Löschberger A, Holm T et al (2012)
343rapidSTORM: accurate, fast open-source soft-
344ware for localization microscopy. Nat Methods
3459(11):1040–1041. https://doi.org/10.1038/
346nmeth.2224
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3 RESULTS

3.9 Whole-Cell Imaging of Plasma Membrane Receptors by 3D

Lattice Light-Sheet dSTORM

Abstract

"The molecular organization of receptors in the plasma membrane of cells is paramount

for their functionality. We combined lattice light-sheet (LLS) microscopy with three-

dimensional (3D) single-molecule localization microscopy (dSTORM) and single-particle

tracking to quantify the expression and distribution, and mobility of CD56 receptors on

whole �xed and living cells, �nding that CD56 accumulated at cell�cell interfaces. For

comparison, we investigated two other receptors, CD2 and CD45, which showed di�erent

expression levels and distributions in the plasma membrane. Overall, 3D-LLS-dSTORM

enabled imaging and single-particle tracking of plasma membrane receptors with single-

molecule sensitivity unperturbed by surface e�ects. Our results demonstrate that receptor

distribution and mobility are largely una�ected by contact to the coverslip but the mea-

sured localization densities are in general lower at the basal plasma membrane due to

partial limited accessibility for antibodies." [120]

The following manuscript was published on February 14th, 2020 in Nature Communica-

tions and permission for legal second publication within this thesis was kindly granted

from both the publishers and the co-authors.
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Whole-cell imaging of plasma membrane receptors
by 3D lattice light-sheet dSTORM
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The molecular organization of receptors in the plasma membrane of cells is paramount for

their functionality. We combined lattice light-sheet (LLS) microscopy with three-dimensional

(3D) single-molecule localization microscopy (dSTORM) and single-particle tracking to

quantify the expression and distribution, and mobility of CD56 receptors on whole fixed and

living cells, finding that CD56 accumulated at cell–cell interfaces. For comparison, we

investigated two other receptors, CD2 and CD45, which showed different expression levels

and distributions in the plasma membrane. Overall, 3D-LLS-dSTORM enabled imaging and

single-particle tracking of plasma membrane receptors with single-molecule sensitivity

unperturbed by surface effects. Our results demonstrate that receptor distribution and

mobility are largely unaffected by contact to the coverslip but the measured localization

densities are in general lower at the basal plasma membrane due to partial limited acces-

sibility for antibodies.
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S ince the beginning of the twentieth century, the role of
receptors in modulating cellular processes has been studied
extensively worldwide. Numerous drugs that specifically

bind to receptors have been developed and are being used in
established therapies1. To fully exploit the possibilities of
receptor-targeted therapies, quantitative information about
receptor expression, distribution, and mobility in the plasma
membrane is required. Localization microscopy delivers single-
molecule information about molecular compositions, spatial
distributions, and about absolute numbers of proteins present in
subcellular compartments2. Thus, important insights into the
molecular organization of biological systems, e.g., the expression,
distribution, and mobility of therapeutically addressable receptors
in the plasma membrane of tumor cells, can be gained3.

Single-molecule imaging of plasma membrane molecules is
commonly performed at the bottom plasma membrane at the
coverslip/cell interface (referred to as the basal membrane) based
on total internal reflection fluorescence (TIRF) microscopy4,5.
However, such experiments have also raised questions to which
extent the molecular organization and mobility of receptors on
the basal plasma membrane is affected by contact to a glass
surface. This has led to the use of light-sheet single-molecule
microscopy to illuminate non-coverslip contacting regions and
study membrane organization of T cells on the upper (apical)
membrane6,7. Light-sheet illumination uses a separate set of
optics to illuminate only a thin volume of the cell that corre-
sponds to the focal plane of the detection objective, thus
increasing the signal-to-noise ratio in single-molecule imaging
and tracking experiments, and restricting photobleaching of dyes
and photodamage of cells to a thin volume6–8.

The ideal light-sheet configuration enables whole-cell three-
dimensional (3D) single-molecule localization and tracking, and
excites only those molecules that can be detected at the same
time. To fulfill these requirements, we used lattice light-sheet
(LLS) microscopy9–12 in combination with single-molecule
localization microscopy (SMLM), by direct stochastic optical
reconstruction microscopy (dSTORM)13 or photoactivated loca-
lization microscopy (PALM)14 and single-particle tracking for
whole-cell 3D imaging of plasma membrane receptors15,16. LLS
microscopy in combination with SMLM by points accumulation
for imaging in nanoscale topography (PAINT) has already pro-
duced impressive images from thick samples including dividing
cells and at the periphery of small embryos10. However, PAINT
microscopy often leads to nonlinear swelling due to dye accu-
mulation and requires acquisition times of up to several days,
because labels continually bind to the specimen throughout the
imaging process10. Although LLS-PAINT is suited for the study
of densely crowded specimens, receptor imaging on the plasma
membrane of whole cells does not exhibit such challenging
conditions. Therefore, we use Alexa Fluor 647, the bridged car-
bocyanine dye Cy5B, and SeTau647-labeled primary antibodies
for SMLM imaging and single-particle tracking, respectively, of
plasma membrane receptors on fixed and living 293T cells.
Although the carbocyanine dye Alexa Fluor 647 is the favorite dye
for dSTORM17, Cy5B fluorescence can be efficiently recovered
from hydride reduction enabling PALM-like SMLM in oxyge-
nated buffer with high localization precision18. The squaraine
rotaxane dye SeTau647 exhibits a high photostability, enabling
recording of long single-molecule trajectories19. The 3D whole-
cell SMLM images of three different plasma membrane receptors
(CD56, CD2, and CD45) show that contact to the coverslip does
not induce receptor clustering. Receptor distribution and mobility
are largely unaffected by contact to the coverslip. However, our
data disclose that localization densities are in general lower at the
basal plasma membrane, and CD56 and CD45 accumulate at
cell–cell interfaces.

Results and Discussion
3D-LLS-dSTORM of plasma membrane molecules. The neural
cell adhesion molecule (NCAM), also known as CD56, is an
important pathogen recognition receptor on human natural killer
cells20,21 and is involved in fundamental biological processes
including cell–cell adhesion, learning, and memory. To explore
the distribution of CD56 on the plasma membrane of fixed cells
unperturbed by coverslip interactions, we used astigmatic 3D-
LLS-dSTORM and Alexa Fluor 647-labeled primary antibodies
(Supplementary Fig. 1). Using astigmatic 3D-dSTORM in com-
bination with cubic spline interpolated point-spread functions
(PSFs)16, the axial detection range fully covers the axial irradiation
volume defined by the light-sheet thickness of ~1.4 µm (Supple-
mentary Fig. 2). To localize receptors on the whole plasma
membrane of 293T cells, the sample was scanned through the LLS
repetitively at 40 nm steps, while continuously acquiring images
(Fig. 1, Supplementary Fig. 3, and Supplementary Movies 1 and 2).
This resulted in a total acquisition time of 191min for a volume of
53.1 µm × 26.6 µm × 40.0 µm (x, y, z), corresponding to a volume
perpendicular to the coverslip of 47.5 µm × 52.5 µm × 11.7 µm in
the “biological coordinate system” (x’, y’, z’) (Supplementary
Fig. 1). We determined an experimental localization precision
from more than 294,000 localizations of Alexa Fluor 647 blinking
events of 16 nm in x, 17 nm in y, and 74 nm in z-direction, or
when estimated after rotation to the biological coordinate system
of 20 nm and 14 nm in the coverslip plane (x’, y’) and 38 nm in
z’-direction (Supplementary Figs. 1, 4, and 5).

The 3D volume rendering of reconstructed localizations of
293T cells showed a heterogeneous distribution of CD56
receptors with a distinct accumulation at cell–cell interfaces
(Fig. 1a and Supplementary Fig. 3a). Maximum-intensity
projections of membranes illustrated the accumulation of CD56
receptors at cell–cell interfaces. The localization densities of CD56
at cell–cell interfaces of (1234 ± 146) and (2034 ± 350) localiza-
tions/µm2 (median ±median absolute deviation) was approxi-
mately twice as dense as it would be expected for two contacting
apical membranes with densities of (361 ± 79) and (544 ± 80)
localizations/µm2. The substantially lower localization densities
measured at the basal plasma membranes of (138 ± 76) and (189
± 97) localizations/µm2 indicate inefficient antibody labeling at
basal cell membranes (Fig. 1e and Supplementary Fig. 3b).

For comparison, we measured the surface expression of two
other plasma membrane receptors: CD222, another cell adhesion
molecule found on the surface of T cells, and CD45, the receptor-
like transmembrane protein tyrosine phosphatase that is highly
expressed on all nucleated hematopoietic cells23. The 3D-LLS-
SMLM images showed that the expression of CD2 and CD45 on
Jurkat T cells is lower than the expression of CD56 on 293T cells
and is homogeneously distributed (Supplementary Figs. 6 and 7,
and Supplementary Movies 3 and 4). A closer inspection of the
localization densities revealed a higher CD2 density at the apical
membrane (134 ± 25 localizations/µm2) compared with the
densities at the basal membrane (23 ± 9 localizations/µm2) and a
lower density at the cell–cell interface (76 ± 14 localizations/µm2)
(Supplementary Fig. 6). As measured for the other plasma
membrane molecules, CD45 showed localization densities of
(47 ± 6 localizations/µm2) on the basal and slightly higher
densities on the apical membrane (63 ± 8 localizations/µm2),
but in contrast to CD2, a pronounced accumulation at cell–cell
interfaces (218 ± 25 localizations/µm2) as also measured for CD56
(Supplementary Fig. 7). Overall, these data demonstrate that the
measured localization densities are in general lower at the basal
plasma membrane of adherent cells most probably due to
inefficient labeling with IgG antibodies.

Strikingly, 3D-LLS-dSTORM images and movies of CD56,
CD2, and CD45 showed some smaller localization clusters that do
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not appear in 2D-dSTORM images recorded from the basal
plasma membrane by TIRF microscopy (compare Fig. 1 and
Supplementary Figs. 3, 6, and 7). In 2D-TIRF-dSTORM images,
the receptors are homogeneously distributed and do not exhibit
any sign of accumulation (Supplementary Fig. 8). Cross-sections
of the basal, apical, and equatorial planes of CD2-, CD45-, and
CD56-labeled cells and a close look at the 3D-LLS-dSTORM
movies showed that receptors are also localized intracellularly
(Supplementary Fig. 9 and Supplementary Movies 1, 2, and 4),
indicating that antibody binding induced endocytosis of receptors
occurs (even though labeling was performed at 4 °C, see Online
Methods) or antibodies might penetrate through membrane
defects. The appearance of intracellular clusters in 3D-LLS-
dSTORM experiments depends strongly on the receptor inves-
tigated and typically varied between different experiments
(Supplementary Fig. 9).

Single-particle tracking by 3D-LLS microscopy. Accumulation
of receptors at cell–cell interfaces requires a high mobility in the
plasma membrane. To investigate the mobility of CD56 in the
basal plasma membrane of living 293T cells, we first performed
two-dimensional (2D) single-particle tracking experiments using
SeTau64719-labeled primary antibodies on poly-D-lysine-coated

and untreated, cleaned coverslips by TIRF microscopy. In these
experiments, the mobility of CD56 receptors showed a dramatic
decrease when changing from cleaned coverslips to poly-D-lysine
coating (Supplementary Fig. 10), which seriously complicates data
analysis and interpretation. To exclude any interference of the
measured mobility by surface effects, we used 3D-LLS microscopy
to track CD56 receptors on the plasma membrane at 37 °C
(Fig. 2). Single particles were tracked in 3D using astigmatic
imaging, but without sample scanning. 3D-LLS microscopy
allowed us to follow CD56 receptors on the fluid-exposed faces of
the plasma membrane unperturbed by glass surface interactions.
For quantification of diffusion dynamics, we analyzed the mean
square displacement (MSD) < Δx2 > in each dimension15,24–26.
Although the overall data (Fig. 2) hints at some deviation from
the linear time dependence that would be observed for free dif-
fusion, we focused the quantitative analysis on the most reliable
first five data points that could be fitted well to a model function
for free diffusion. In living 293T cells, individual CD56 signals on
the apical and equatorial plasma membranes exhibited a diffusion
constant of 0.058, 0.059, and 0.023 µm2/s in x, y, and z, respec-
tively, and offsets reflecting the localization precision of a few tens
of nanometer (Fig. 2). Next, we added CK666 to the imaging
buffer, a cell-permeable molecule that binds to the actin-related
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protein Arp2/3 complex and inhibits actin assembly27,28, and
thus might influence the mobility of CD56 in the plasma mem-
brane. However, we found only slightly increased diffusion con-
stants of 0.06, 0.065, and 0.032 µm2/s, respectively, for the fast
diffusion component. This effect is consistent with observations
from fluorescence recovery after photobleaching (FRAP)29

experiments. FRAP data measured from cell–cell interfaces also
indicated only minor insignificant variation in the measured time
constants and the mobile fraction (Supplementary Fig. 11 and
Supplementary Movie 5).

Overall, the NCAM CD56 works as a kind of glue that not only
mediates cell–cell adhesion but also induces activation of a
complex network of intracellular signaling cascades21,22,30,31. To
fulfill its task, CD56 has to be mobile in the plasma membrane to
move efficiently towards cell–cell contact areas and connect the
two cells via trans-interactions. Using 3D-LLS microscopy in
combination with SMLM (Fig. 1) and single-particle tracking
(Fig. 2), we showed that CD56 receptors exhibit diffusional
mobility in the plasma membrane and accumulate at cell–cell
interfaces.

To summarize, we have demonstrated that 3D-LLS microscopy
in combination with SMLM and single-particle tracking offers a
unique and robust method to determine the distribution and
mobility of plasma membrane receptors on whole cells unper-
turbed by surface effects. Tracking experiments in a LLS
microscope will be helpful when studying cell types that do not
adhere strongly on uncoated coverslides. Our results show that
the labeling efficiency and mobility of plasma membrane
molecules can be influenced by a direct contact to the coverslip
(Figs. 1 and 2, and Supplementary Fig. 3) but their distribution in
the membrane remains largely unaffected. Epi-fluorescence
approaches have successfully demonstrated their potential for

3D SMLM deep within intact tissue using self-interference and
active PSF shaping32,33; however, they irradiate the whole volume
during the entire experiments and thus cause out-of-focus
fluorescence background, reduced signals due to photobleaching
of fluorophores, and photodamage in live-cell experiments.
Hence, a combination of these methods with LLS microscopy
will pave the way for quantitative, single-molecule sensitive 3D
receptor imaging also within the tissue. Single-molecule sensitive
3D-LLSM approaches might be ideally suited to study the
dynamic molecular organization of immunological synapses
formed at the interface between antigen-presenting and T cells.

Methods
Cell culture and fluorescence labeling. The 293T cells (German Collection of
Microorganisms and Cell Cultures, Braunschweig, Germany; #ACC635) were
cultured in Dulbeccos’s modified Eagle’s medium (DMEM, Sigma-Aldrich,
#D5796) with 10% fetal calf serum (FCS) (Sigma-Aldrich, #F7524), 1% L-Gluta-
mine (already in DMEM suppl.), and 1% Pen-Strep (Sigma-Aldrich, #P4333) at 5%
CO2 atmosphere and 37 °C. For single-molecule experiments, ~4 × 104 cells were
seeded onto poly-D-lysine-coated 5 mm coverslips the day before staining. The
LEAF™ purified monoclonal mouse anti-human CD56 antibody (clone: HCD56,
Biolegend, #318324) was conjugated with SeTau-647-NHS (SETA BioMedicals,
#K9-4149) in 100 mM NaHCO3 buffer to obtain a degree-of-labeling (DOL) of
~1.7 and was stored in phosphate-buffered saline (PBS) with 0.05% sodium azide.
Cells were washed with FluoroBrite™ DMEM (Gibco™ #A1896701) and labeled with
0.33 nM of the SeTau-647-conjugated antibody for 5 min at 37 °C. After two
additional washing steps, single-particle tracking was performed in FluoroBrite
DMEM supplemented with 170 µM CK666 (Sigma, #SML0006) or DMSO as
control. For 3D-dSTORM, cells were grown on poly-D-Lysine-coated 5 mm cov-
erslips for 24 h. The CD56 antibody was conjugated with Alexa Fluor™ 647-NHS
ester (Invitrogen™) in 100 mM NaHCO3 to obtain a DOL of ~2.3 as determined by
absorption spectroscopy. Cells were washed and stained with 10 µg/ml of the Alexa
Fluor™ 647-conjugated antibody in FluoroBrite on ice for 40 min. After two
washing steps, cells were fixed with 2% formaldehyde and 0.2% glutaraldehyde for
15 min on ice and additional 15 min at room temperature followed by three
additional washing steps. Jurkat T-cells were grown in RPMI 1640 media
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supplemented with 10% FCS, 1 mM L-glutamine, 100 U/ml penicillin, and
0.1 mg/ml streptomycin at 37 °C and 5% CO2. For imaging, 1.5 × 105 cells per well
were seeded in poly-D-lysine-coated chamber slides (Lab-Tek II, Nunc, Thermo
Fisher Scientific) and allowed to adhere at 37 °C at 5% CO2 for 1 h. Fifty micro-
grams of monoclonal anti-human primary antibodies directed against CD2 (Bio-
legend; TS1/8, 309202) and CD45 (Biolegend, 2D1; 368502) were incubated in a 5
molar excess of Cy5B-NHS18 or Alexa Fluor™ 647-NHS (Invitrogen™), respectively,
in 100 mM NaHCO3 at room temperature for 3 h in the dark. To remove unreacted
dyes and to exchange the buffer to 0.02 NaN3 dissolved in PBS, the antibodies were
purified with 0.5 ml 7 kDa Spin Desalting Columns (Thermo Fisher, 89882).
Finally, the DOL of the purified antibody was determined by a UV-VIS spectro-
photometer (Jasco V-650) to ~3–4. Conjugated antibodies were stored at 4 °C.
Live-cell staining was performed on ice (~4 °C) for 45 min using an antibody
concentration of 5 µg/ml in PBS. After washing, the cells were fixed for 15 min in
4% formaldehyde and 0.2% glutaraldehyde. Following three more washing steps,
the cells were stored in PBS at 4 °C until imaging at room temperature.

Lattice light-sheet microscopy. The LLS microscope was configured and operated
similar to the one described in Chen et al.9 and Legant et al.10. To accommodate
3D-dSTORM measurements and to benefit from commercial components, we
made several modifications to the system. First, we used a 2W 647 nm continuous
wave laser (MPB Communications 2RU-VFL-p-2000-647-B1R) to produce an
illumination intensity of 3.6 kW/cm2 at the sample for optimal photoswitching of
Alexa Fluor 64713,17, and photoactivation and localization of Cy5B18. The laser was
filtered by a clean-up filter (Chroma Technology Corporation ZET642/20×) and
expanded to a 1/e2 diameter of 2.5 mm with a set of two lenses (Thorlabs
C240TME-A and Edmund Optics 47-661). The spatial light modulator (Forth
Dimension Displays QXGA-3DM) has smaller pixels (50.7 nm at the sample) and
slightly faster switching times. For scanning of the light sheet, we used improved
galvanometer mirrors (Cambridge Technology 8315K). The illumination objective
(Special Optics, 0.70 numerical aperture (NA), 3.74 mm WD, part number 54-10-
7) has a slightly increased NA. On the detection path, the system is equipped with a
dichroic mirror (Chroma Technology Corporation ZT405/488/561/640rpc) and
quad-band emission filter (Chroma Technology Corporation ZET405/488/561/
640m). Single-molecule fluorescence signals were detected using a sCMOS camera
(Hamamatsu Orca Flash 4.0 v3) connected to a water cooler (Innovatek AQ240-
Pro), to eliminate vibrations. For single-color measurements conducted in this work,
a long-pass filter (Chroma Technology Corporation ET655lp) was added directly in
front of the camera. The pixel size at the sample was 103.8 nm. To further enhance
the stability of the system, we built a custom light-tight enclosure around the whole
microscope. Additional parts of the illumination and detection path were shielded
with custom-made 3D printed parts to increase laser safety and light tightness. For
illumination, a dithered, maximally symmetric fundamental square lattice with a
minimum NA of 0.42 and a maximum NA of 0.50 was used, as it confines the
excitation best to the depth of field of the detection objective (Nikon CFI Apo LWD
25XW, 1.1 NA), thereby reducing out-of-focus excitation and background fluor-
escence. At the same time, the light-sheet length of 15 µm, determined by the
maximum NA, is ideally suited for the height of typical 293T cells. The light-sheet
thickness was measured to 1.4 µm (Supplementary Fig. 2).

3D-dSTORM imaging and density calculation. For dSTORM imaging (Fig. 1),
293T cells were labeled as described above. The sample bath was filled with pho-
toswitching buffer: PBS with 100 mM β-mercaptoethylamine (Sigma-Aldrich),
0.4% (w/v) glucose, and 0.4% glucose oxidase, adjusted to pH 7.413,17. 3D-LLS-
SMLM imaging of Cy5B-labeled receptors was performed in PBS buffer using
solely 647 nm excitation18. Before imaging, the sample was reduced for 20–30 min
in 26 mM NaBH4 and washed three times with 1× PBS. Upon irradiation at
647 nm, individual Cy5B molecules are spontaneously photoactivated and loca-
lized. Photoactivated fluorophores reside in their fluorescent state until they are
photobleached18. Images were acquired at 50 Hz including the stepping motion,
whereas the sample was scanned by 40 nm per frame in a saw tooth motion along
s (s direction; Supplementary Fig. 1a). The stepping motion was performed during
read-out of the camera. One thousand and one frames comprise one image
stack, after which the acquisition repeats for a total of 573 stacks resulting in
1001 × 573= 573,573 frames. SMLM processing was performed using the super-
resolution microscopy analysis platform16 and the corresponding graphics pro-
cessing unit (GPU)-accelerated Matlab software (available at https://github.com/
jries/SMAP-light) after the measurement. Localization coordinates were corrected
for sample scanning by subtracting the known shift. For 3D calibration, 100 nm
fluorescent beads (TetraSpeck™ T7279, Thermo Fisher) were coated on a coverslip
and imaged using the same buffer conditions. In Fig. 1, a total of 3.2 × 106 loca-
lizations were detected of which 0.7 × 106 were localized outside the 1.4 µm range
illuminated by the light sheet or filtered with a minimum photon threshold and
discarded. We did not use track emission to correct for overcounting. To correct
for sample scanning during acquisition and to rotate the volume to coverslip plane,
custom software was developed in Python. Rendering 2D images and histograms
for density analysis was done using ThunderSTORM34 and FIJI35. To measure the
densities at different parts of the cell membrane, a sliding window algorithm with a
window size of 2 µm × 2 µm and a step size of 0.2 µm was implemented in FIJI. For
rendering 3D volumes, Imaris (Bitplane) was used.

Single-particle tracking. For single-particle tracking, cells were labeled as
described above. The LLS microscope’s sample chamber was heated to 37 °C for
at least 24 h before starting the experiments. For capturing single-particle
dynamics, image sequences were acquired with 20 ms exposure time in a single
plane. The data were fitted with a 3D PSF as already described and the resulting 3D
molecule positions were linked to tracks using Trackpy36, a Python implementa-
tion of the popular Crocker–Grier algorithm37. For each measurement, the MSDs
< Δx2 > of all tracks with a length of at least 20 frames were calculated and the
resulting ensemble MSD was fit at small lag times with a linear function15,24–26

< Δx2 > (τ)= o+ 2Dτ
Here, o is an offset resembling the square of the localization precision, D is the

diffusion constant, and τ is the lag time.

FRAP analysis. The 293T cells were seeded into eight-well chambered cover glass
(Cellvis, #C8-1.5H-N) and labeled after 24 h with 10 µg/ml Alexa Fluor™ 647-
conjugated antibody in FluoroBrite for 10 min at 37 °C. FRAP experiments were
performed on a confocal microscope (Zeiss LSM700) using the Plan-Apochromat
63 × 1.4 oil-immersion objective and 2% 639 nm solid-state laser excitation
intensity for image acquisition. Every 1.5 s an image was recorded for a total
acquisition time of 120 s and after three initial images a bleaching step was per-
formed using 100% laser intensity of the 639 nm and 555 nm laser with a pixel
dwell time of 37.6 µs. Frame size, bleaching area, as well as laser intensities and
imaging speed was kept constant for all FRAP experiments. All experiments were
performed at 37 °C and 5% CO2 using a stage top incubator (Tokai Hit). FRAP
data were analyzed with the software Zen system 2012 and custom-made
python code.

Statistics and reproducibility. In all boxplots, the middle line is the median and
the lower and upper hinges correspond to the first and third quartiles, respectively.
The upper (and lower) whisker is drawn up to the largest (and smallest) observed
data point within 1.5 times the interquartile range. Individual data points beyond
the end of the whiskers represent all outliers. If not stated otherwise, 3D-LLS-
dSTORM data were acquired once from one biological sample, analyzed, and
shown. Supplementary Fig. 10 depicts one from six and nine individual 2D single-
particle tracking experiments examined from different cells of one biological
sample for cleaned glass and poly-D-lysine coating, respectively. Supplementary
Fig. 11 shows 1 from 12 individual FRAP experiments examined from different
cells of one biological sample.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
All data that support the findings described in this study are available within the
manuscript and the related Supplementary Information, and from the corresponding
authors upon reasonable request.
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3.10 Reconstituting NK Cells after Allogeneic Stem Cell

Transplantation Show Impaired Response to the Fungal

Pathogen Aspergillus fumigatus

Abstract

"Delayed natural killer (NK) cell reconstitution after allogeneic stem cell transplantation

(alloSCT) is associated with a higher risk of developing invasive aspergillosis. The in-

teraction of NK cells with the human pathogen Aspergillus (A.) fumigatus is mediated

by the fungal recognition receptor CD56, which is relocated to the fungal interface after

contact. Blocking of CD56 signaling inhibits the fungal mediated chemokine secretion

of MIP-1α, MIP-1β, and RANTES and reduces cell activation, concluding a functional

role of CD56 in fungal recognition. We collected peripheral blood of recipients of an allo-

graft on de�ned time points after alloSCT (day 60, 90, 120, 180). NK cells were isolated,

directly challenged with live A. fumigatus germ tubes, and cell function was analyzed

and compared to healthy individuals. After alloSCT, NK cells displayed a higher per-

centage of CD56brightCD16dim cells throughout the time of blood collection. However,

CD56 binding and relocalization to the fungal contact side were decreased. We could

correlate this de�ciency to the administration of corticosteroid therapy that further nega-

tively in�uenced the secretion of MIP-1α, MIP-1β, and RANTES. As a consequence, the

treatment of healthy NK cells ex vivo with corticosteroids abrogated chemokine secretion

measured by multiplex immunoassay. Furthermore, we analyzed NK cells regarding their

actin cytoskeleton by Structured Illumination Microscopy (SIM) and �ow cytometry and

demonstrate an actin dysfunction of NK cells shown by reduced F-actin content after

fungal co-cultivation early after alloSCT. This dysfunction remains until 180 days post-

alloSCT, concluding that further actin-dependent cellular processes may be negatively

in�uenced after alloSCT. To investigate the molecular pathomechansism, we compared

CD56 receptor mobility on the plasma membrane of healthy and alloSCT primary NK

cells by single-molecule tracking. The results were very robust and reproducible between

tested conditions which point to a di�erent molecular mechanism and emphasize the im-

portance of proper CD56 mobility."

The following manuscript was submitted on May 29th, 2020 to an open-access peer-

reviewed international journal and permission for legal second publication within this

thesis was kindly granted from both the publishers and the co-authors.
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Abstract  
Delayed natural killer (NK) cell reconstitution after allogeneic stem cell transplantation (alloSCT) 
is associated with a higher risk of developing invasive aspergillosis.  The interaction of NK cells 
with the human pathogen Aspergillus (A.) fumigatus is mediated by the fungal recognition receptor 
CD56, which is relocated to the fungal interface after contact. Blocking of CD56 signaling inhibits 
the fungal mediated chemokine secretion of MIP-1α, MIP-1β, and RANTES and reduces cell 
activation, concluding a functional role of CD56 in fungal recognition.   
We collected peripheral blood of recipients of an allograft on defined time points after alloSCT 
(day 60, 90, 120, 180). NK cells were isolated, directly challenged with live A. fumigatus germ 
tubes, and cell function was analyzed and compared to healthy individuals. After alloSCT, NK 
cells displayed a higher percentage of CD56brightCD16dim cells throughout the time of blood 
collection. However, CD56 binding and relocalization to the fungal contact side were decreased. 
We could correlate this deficiency to the administration of corticosteroid therapy that further 
negatively influenced the secretion of MIP-1α, MIP-1β, and RANTES. As a consequence, the 
treatment of healthy NK cells ex vivo with corticosteroids abrogated chemokine secretion measured 
by multiplex immunoassay. Furthermore, we analyzed NK cells regarding their actin cytoskeleton 
by Structured Illumination Microscopy (SIM) and flow cytometry and demonstrate an actin 
dysfunction of NK cells shown by reduced F-actin content after fungal co-cultivation early after 
alloSCT. This dysfunction remains until 180 days post-alloSCT, concluding that further actin-
dependent cellular processes may be negatively influenced after alloSCT. To investigate the 
molecular pathomechansism, we compared CD56 receptor mobility on the plasma membrane of 
healthy and alloSCT primary NK cells by single-molecule tracking. The results were very robust 
and reproducible between tested conditions which point to a different molecular mechanism and 
emphasize the importance of proper CD56 mobility. 
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Introduction 
Following allogeneic stem cell transplantation (alloSCT), patients are characterized by a period of 
profound T and B cell deficiency until the completion of immune system reconstitution, which can 
take up to two years (Corre et al., 2010). During this critical period of T and B cell deficiency, in 
which a patient is more susceptible to bacterial, viral and fungal infections, cellular components of 
innate immunity are of major importance as they represent the first line of immune defense. 
Alveolar macrophages can kill inhaled conidia, but additionally, recruit neutrophils to the site of 
infection. Phagocytes, such as monocytes and dendritic cells, communicate with the adaptive 
immune system, thereby modulating inflammatory responses. Through the involvement of pattern 
recognition receptors that recognize pathogen-associated molecular patterns, cells of the innate 
immune system distinguish between different pathogens (Steele et al., 2005, Park and Lee, 2013, 
Kawai and Akira, 2009). Cytokines, chemokines, and chemokine receptors play essential roles in 
immunity against opportunistic pathogens and may determine the type of effector response. NK 
cells develop in the bone marrow and secondary lymphoid organs until they reach a defined stage, 
enter the bloodstream, and seed into peripheral organs (Bjorkstrom et al., 2016). 
Interestingly, NK cells are not restricted after migration but can circulate from lung to blood and 
vice versa, as shown in the study by Marquardt et al. (Marquardt et al., 2017). NK cells constitute 
approximately 10% of lymphocytes in blood (Campbell and Hasegawa, 2013) and can be 
subdivided into CD56bright

 and CD56dim cells (Caligiuri, 2008). CD56bright NK cells are potent 
cytokine producers and do not express the Fc receptor CD16, while the latter efficiently lyse target 
cells (Caligiuri, 2008). There is strong evidence for a gradual differentiation from CD56bright cells 
into CD56dim NK cells (Romagnani et al., 2007, Moretta, 2010, Chan et al., 2007). Under healthy 
conditions CD56dim NK cells represent ~90% of blood NK cells (Campbell and Hasegawa, 2013). 
In allograft recipients CD56dim NK cells are underrepresented compared to healthy controls as the 
subset ratio of CD56bright NK cells increase to 40-50% (Dulphy et al., 2008). NK cells are potent 
killers of tumor cells, and once they encounter these cells, NK cells are activated and release the 
effector molecules granzyme and perforin, leading to target cell lysis (Topham and Hewitt, 2009). 
In addition to their tumor-killing function, NK cells also interact with several pathogens (Lieke et 
al., 2008, Vitenshtein et al., 2016, Fauci et al., 2005).  
NK cells are essential during fungal infections, which has been shown in mouse models as well as 
in clinical studies. Morrison et al. showed in a neutropenic mouse model that CCL2 depletion 
inhibited pulmonary NK cell migration and furthermore favored the development of invasive 
aspergillosis (Morrison et al., 2003). In a later study, NK cell-derived IFN-γ was shown to be 
essential to control fungal infections in neutropenic mice and depletion of NK cells or IFN-γ 
resulted in a higher fungal burden (Park et al., 2009). Confirming the importance of NK cells in 
humans, Stuehler et al. monitored recipients of an allograft over 12 months and found a clear 
correlation between reduced NK cell counts and delayed NK cell reconstitution with a higher risk 
of developing IA in patients receiving HSCT (Stuehler et al., 2015). These studies highlighted the 
role of NK cells during fungal infections in immunocompromised hosts and were influential for 
our study.  
Fungal pathogens are recognized by several natural activating receptors, e.g. natural activating 
receptor NKp46 and NKp30 (Vitenshtein et al., 2016, Li et al., 2013). A recent study demonstrated 
that the neural cell adhesion molecule (NCAM-1, CD56) on NK cells binds to hyphae of 
Aspergillus species which induces NK cell activation measured by the expression of the activation 
marker CD69 (Ziegler et al., 2017). Interestingly, blocking of CD56 resulted in reduced secretion 
of the chemokines macrophage inflammatory protein (MIP)-1α (CCL3), MIP-1β (CCL4), and 
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RANTES (CCL5) after fungal challenge, suggesting inhibited immune cell recruitment to sites of 
inflammation (Ziegler et al., 2017).  
In this study, we describe the individual process of NK cell reconstitution of randomly selected 
recipients of an allograft and present prospective longitudinal functional data from NK cells 
collected at defined time points after transplantation. We show that the expression of the fungal 
recognition receptor CD56 is increased for more than 180 days after alloSCT. Despite the higher 
expression, fungal binding was inhibited in some NK cells obtained from patients after alloSCT. 
We excluded that this was due to an actin defect; however, fungal mediated actin induction was 
dependent on time after alloSCT, concluding NK cell development-related effects. In additional 
experiments, we could show that corticosteroid treatment reduced the binding of CD56 to fungal 
pathogens and consecutively diminished downstream chemokine secretion. By treatment of healthy 
NK cells with corticosteroids ex vivo, we confirmed that corticosteroids negatively influence CD56 
downstream signaling by inhibition of chemokine secretion. Thus, corticosteroids may influence 
the development of IA by suppressing NK cell function in addition to effects on other immune 
cells. Interestingly, CD56 receptor mobility within the plasma membrane of alloSCT NK cells was 
not influenced as probed by single-molecule tracking experiments which indicates defects in CD56 
signaling rather than its mobility.  
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Material and methods 
 

Patient information 
Peripheral blood was collected from patients after the successful treatment of AML (acute myeloid 
leukemia), ALL (acute lymphatic leukemia) or multiple myeloma (MM). Drawing of blood was 
performed at day 60, 90, 120, and 180 post-alloSCT. Relevant patient information is displayed in 
Table 1.  
 

Cell culture 
NK cells were isolated from EDTA blood obtained from healthy individuals or patients after 60, 
90, 120, or 180 days post alloSCT. NK cell isolation was performed using the MACSxpress ® 
Whole Blood NK Cell Isolation Kit (negative isolation, Miltenyi Biotec). NK cells were frozen in 
liquid nitrogen. Thawing of NK cells was performed in pre-warmed RPMI 1640 + 10 % fetal calf 
serum (FCS). Cell recovery was over 90 % after thawing compared to the cell amount before 
freezing. NK cell viability after thawing was monitored with a cell viability analyzer (VICELL 
XR, Beckman Coulter) and was consistently over 95 %. NK cells were pre-stimulated with 
1000 U/ml interleukin-2 (IL-2, Proleukin ™ Novartis) overnight at a cell concentration of 1 x 106 
cells/ml. NK cells were cultured with A. fumigatus germ tubes (MOI 0.5) or plain medium (RPMI 
+ 10 % FCS) at a cell concentration of 1 x 106 cells/ml for 6 h. Cell cultures were harvested, 
centrifuged (300 g, 10 min), and supernatants were frozen at -20 °C for short-term storage (Weiss 
et al., 2018) for later enzyme-linked-immunosorbent immunoassay.  

 
Fungal strain 
The A. Fumigatus strain ATCC46645 was plated on malt agar plates. Conidia were harvested and 
incubated in RPMI 1640 overnight under constant shaking (200 rpm) at 25 °C to generate A. 
fumigatus germ tubes. Germ tubes were centrifuged (5000 g, 10 min) and resuspended in fresh 
medium supplemented with 10 % FCS.  
 

Flow cytometry 
NK cells were treated with the following antibodies to analyze the surface expression: anti-CD56 
FITC (BD), anti-NKp46 PE (BD), anti-CD3 PerCP (BD) and anti-CD16 PerCP (Biolegend). NK 
cell purity was monitored by NKp46+ and CD3- gating and was consistently over 95 % (Ziegler et 
al., 2017, Weiss et al., 2018). For analysis of actin dynamics in live cells, cells were stained in 
1 µM Live Cell Fluorogenic F-actin Labelling Probe (SiR-actin 647, Spirochrome) for 50 min. 
Relative CD56 and F-actin values were calculated with equations (1) and (2). Flow cytometric 
analysis was performed with a FACSCalibur (BD), and data were analyzed by FlowJo software 
(TreeStar).  

Relative CD56 = CD56 MFI (NKAF)
CD56 MFI (NK)   (1) 

Relative F-actin = SiR-647 MFI (NKAF)
SiR-647 MFI (NK)   (2) 
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CD16+ cell isolation 
NK cell subsets were separated by CD16 magnetic beads over an MS column (Miltenyi Biotec). 
CD16+ and CD16- cells were pre-stimulated with 1000 U/ml Proleukin overnight before co-
cultures were set with A. fumigatus germ tubes for 6 h at 37 °C. Supernatants were frozen at -20 °C 
as previously described (Weiss et al., 2018) and were used for later enzyme-linked immunosorbent 
assay. NK cells were analyzed by flow cytometry, and subset purity was monitored by anti-CD56 
antibody staining to discriminate between the CD56dim and the CD56bright subset.  

 

Multiplex immunoassay 
Supernatants of NK cells from alloSCT patients and healthy controls treated with A. fumigatus 
germ tubes or non-treated NK cells were analyzed by multiplex immunoassay (eBioscience) 
regarding the presence of the chemokines MIP-1α, MIP-1β, and RANTES using the BioPlex 200 
System (Bio-Rad). 
 

Enzyme-linked immunosorbent assay (ELISA) 
Supernatants of healthy NK cells treated with prednisolone ex vivo were analyzed regarding the 
presence of MIP-1α, MIP-1β, and RANTES. MIP-1α, MIP-1β (R&D Systems), and RANTES 
(Biolegend) ELISA were performed according to the manufacturer's protocol. 
 

Prednisolone treatment  
NK cells were incubated in 1000 U/ml IL-2 in the presence of 25 µg/ml Prednisolut ® 
(prednisolone 21-succinate, mibe GmbH) for 40 h. Prednisolut ® concentrations were comparable 
to those administered to patients in an acute phase treatment (2 mg/kg). After prednisolone 
treatment, the medium was exchanged, and NK cells were either co-cultured with A. fumigatus 
germ tubes (MOI 0.5) or alone for 6 h. NK cells were analyzed by flow cytometry, and supernatants 
were used for ELISA. 
 

Structured illumination microscopy  
NK cells were cultured alone or with A. fumigatus germ tubes (MOI 0.5) for 6 h at 37 °C on poly-
D-lysine coated 8-well Lab-Tek coverglass chambers (Sarstedt). Samples were fixed in 3 % 
formaldehyde (FA) in RPMI 1640 before staining. CD56 was stained with anti-CD56 Alexa Fluor 
647 antibody (1:50, clone HCD56, Biolegend) for 1 h, the actin cytoskeleton with Phalloidin Atto 
550 staining solution for 24 h (1:100, Sigma), and the fungal cell wall with Calcofluor for 10 min 
(500 µg/ml, Sigma). Samples were embedded in ProLong Gold Antifade Mountant (Thermo Fisher 
Scientific) and analyzed on a Zeiss Elyra S.1 SIM. Using the Plan-Apochromat 63x/1.4 Oil 
objective in combination with 642 nm (5%), 561 nm (1%), and 405 nm (2%) laser lines, we 
acquired z-stacks with slice spacings of 300 nm.Exposure times of 100 ms and 3 SIM rotations 
were used for each individual channel. Emission signals were recorded with a sCMOS PCO Edge 
5.5 and analyzed with the ZEN 2.3 SP1 software.For visualization maximum intensity projections 
of reconstructed z-stacks were used. To quantify the actin signal of each NK cell, z-stacks were 
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projected as summed slices. A constant circular area was moved over each NK cell and the intensity 
was measured using Fiji (Schindelin et al., 2012). 
 

Single-molecule tracking 
Single-molecule tracking was performed as described recently (Schlegel et al., 2019, Wäldchen et 
al., 2020). In short, CD56 primary antibodies (clone HCD56, Biolegend) were conjugated to the 
bright and photostable fluorophore SeTau-647-NHS (SETA BioMedicals, #K9-4149) (Tsunoyama 
et al., 2018) via N-hydroxysuccinimide ester amine crosslinking. Primary NK cells were labelled 
5 minutes at 4°C with 0.33 nM antibody solution diluted in colourless RPMI 1640. Cells were 
washed via centrifugation at 500 xg and seeded onto KOH cleaned 8-well on cover glass (Sarstedt). 
After 30 minutes, single-molecule trajectories were recorded at room temperature by using a highly 
inclined and laminated optical sheet (HILO) and a previously described dSTORM setup (Burgert 
et al., 2017). To increase signal-to-noise ratio exposure times were set to 50ms and time series with 
5000 frames acquired. Individual molecules were detected by ThunderSTORM (Ovesny et al., 
2014), filtered and tracks generated with minimal track length of 20 frames with the Python 
implementation of the Crocker-Grier (Crocker and Grier, 1996) algorithm Trackpy (Allan, 2018, 
April 21). Mean squared displacementswere calculated and the resulting ensemble MSD was fit 
with a power law, MSD(τ) = 4Dατα resulting in the generalized diffusion coefficient Dα and 
anomalous exponent α. 
 

Statistical analysis 
The normality of the data was tested with D’Agostino & Pearson normality test. Normally 
distributed data (n=2 groups) were either analyzed with an unpaired t-test with Welch’s correction 
or with a paired t-test. Data not following Gaussian’s distribution were analyzed with a Mann-
Whitney test. When multiple comparisons were performed, normally distributed data were 
analyzed by one-way ANOVA with correction for multiple testing by FDR method of Benjamini 
and Hochberg. Data not following Gaussian’s distribution were analyzed with a Kruskal-Wallis 
test with FDR correction (no data matching) or with a Friedman test with FDR correction (matched 
data). Statistical analysis was performed with GraphPad Prism 7.  
 

Ethical statement 
This study obtained written consent by the ethics committee of the University of Wuerzburg 
(#34/15). 
 

Data availability 
All relevant data supporting the findings of the study are available in this article and its 
Supplementary Information files, or from the corresponding authors upon request, with restriction 
of data that would compromise patient confidentiality.  
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Results 
 
Characterization of NK cells from recipients of an allograft and healthy controls  
 
To monitor NK cell counts and subsets in patients after successful treatment of AML (acute 
myeloid leukemia), ALL (acute lymphatic leukemia) or multiple myeloma (MM) by alloSCT and 
healthy donors, we analyzed blood at 60, 90, and 120 days after alloSCT and in healthy controls. 
In line with previous studies (Ullah et al., 2016), total NK cell counts were similar within 60-120 
days after transplantation compared to healthy controls (Fig. 1A). Patients after alloSCT experience 
a period of immune deficiency in which T cells are underrepresented (Corre et al., 2010); thus, the 
percentage of other cell types in PBMCs increases. When the percentage of NK cells (Fig. 1B) 
measured in PBMCs was plotted against the percentage of T cells after alloSCT (Fig. 1C), a 
negative correlation was observed (p <0.0001), confirming that the higher percentage of NK cells 
in PBMCs was associated with T cell deficiency (Fig. 1D).  
 
 

 
Figure 1: NK and T cell composition in patients after alloSCT and healthy controls. (A) Total NK cell counts 
per µl, (B) NK cell percentages in PBMCs and (C) T cell percentages in PBMCs were measured in the 
peripheral blood from healthy individuals (H) or patients 60, 90, or 120 days post-alloSCT (P60, P90, P120). 
Statistics were analyzed by (A) Kruskal-Wallis test with FDR correction (Benjamini and Hochberg), (B, C) 
one-way ANOVA with FDR correction (Benjamini and Hochberg, * q < 0.05, FB[3, 70] = 2.248, Fc [3, 70]= 
1.964). Data were acquired from (A-C) n = 10 (H), n = 22 (P_60), n = 23 (P_90) and n = 19 (P_120) 
independent experiments. (D) NK/ T cell ratios were calculated by Pearson correlation. Data were obtained 
from n = 60 different experiments including time points ranging from 60-120 days post-alloSCT patients 
(n = 26). 
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NK cells obtained from healthy donors or after alloSCT were analyzed for the expression of 
specific surface markers (Fig. 2). For this purpose, NK cells were stained with anti-CD56 and anti-
CD16 antibodies and gated into CD56brightCD16-, CD56brightCD16+, and CD56dimCD16++ subsets 
(Fig. 2A). NK cells derived after alloSCT significantly displayed lower amounts of 
CD56dimCD16++ cells, whereas the proportion of CD56brightCD16+ and CD56brightCD16- cells was 
higher (Fig. 2B), which is in accordance with previous findings (Dulphy et al., 2008). In contrast, 
obviously the phenotypic expression of CD56 and CD16 within subsets remains unchanged after 
alloSCT, as there were no significant differences detectable when we analyzed the CD56 and CD16 
MFI within each subset between healthy donors and recipients of an allograft (Fig. 2C, D). These 
experiments showed that NK cell recovery after alloSCT is a fast process whereas NK cell subset 
distribution does not recover even by 180 days post-alloSCT. 
 

 
Figure 2: NK cell subsets in reconstituting NK cells. NK cells were pre-stimulated with 1000 U/ml IL-2 
overnight. (A) Representative gating strategies for healthy individuals (left) and recipients of an allograft 
(right). (B) NK cell subsets were compared between healthy individuals and recipients of an allograft. Data 
are displayed as mean + SD. (C) CD56 MFI and (D) CD16 MFI within NK cell subset were analyzed by flow 
cytometry. Data were acquired from n = 10 (H); n = 11 (P60); n = 14 (P90); n = 12 (P120); n = 9 (P180) 
different experiments. Medians are displayed. Statistical analysis was performed by (B) one-way ANOVA 
(CD16++CD56dim and CD16+CD56bright, F[14, 156] = 25.87) and Kruskal-Wallis test (CD16-CD56bright). 
Corrections for multiple testing were performed by the FDR method of Benjamini and Hochberg. Statistical 
significances are marked by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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NK cell binding to the fungus is inhibited by corticosteroid treatment 
 
As the fraction of CD56dim NK cells was lower in allograft recipients, we investigated the fungal 
binding capacity of reconstituting, not fully matured NK cells. CD56 is a PRR on human NK cells, 
and stimulation with A. fumigatus germ tubes causes relocalization of the normal homogenously 
distributed CD56 from the NK cell surface to the fungal interface, resulting in a reduced detection 
of CD56 by flow cytometry (Ziegler et al., 2017). This reduced detection of CD56 on NK cells that 
are derived from former NK-A. fumigatus co-culture experiments correlates with a remaining 
CD56 signal on the fungal surface in absence of NK cells (Supplementary Fig. 1), concluding that 
CD56 stays stuck on the fungus after physical separation of co-cultures.  
We investigated the fungal binding capacity by co-culturing NK cells from alloSCT recipients or 
healthy individuals with A. fumigatus germ tubes for 6 h before analyzing the cells by flow 
cytometry. To analyze the individual NK cell subsets we gated into CD16- and CD16+ NK cells. 
Within CD16- and CD16+ cells, we analyzed the fungal binding by CD56 mean fluorescence 
intensity (MFI). Relative CD56 values were calculated through dividing CD56 MFI after fungal 
co-culture by CD56 MFI before fungal co-culture. Thus, low relative CD56 values indicated a 
strong binding of CD56 (Fig. 3).  
Healthy CD16- NK cells displayed lower relative CD56 values compared to healthy CD16+ NK 
cells, indicating better fungal binding of the CD16- subset (Fig. 3A). In contrast, there was no 
detectable difference between CD16+ and CD16- cells in alloSCT patients (Fig. 3A). The binding 
capacity of NK cells obtained after alloSCT did not significantly change over time; however, we 
detected outliers leading to high standard deviations in each group (Fig. 3A). Next, we analyzed if 
those outliers correlate with a special treatment after alloSCT, as drugs may impair cell function. 
Within the CD16+ subset, more CD56bright cells were observed in patients after alloSCT compared 
to healthy individuals (Fig. 1B). This may be the reason why CD16+ cells after alloSCT 
(median = 0.15) displayed a better fungal binding compared to healthy CD16+ cells (median = 
0.23) (Fig. 3B). This enhanced fungal binding of CD16+ cells after alloSCT was abrogated when 
patients were under corticosteroid therapy during the time of blood collection (Fig. 3B). In addition, 
a lower capacity in fungal binding was observed in the CD16- subset derived from patients under 
corticosteroid therapy (CD16- = 0.21) compared to non-corticosteroid treated individuals 
(CD16- = 0.13) or even healthy individuals (CD16- = 0.14) (Fig. 3B).   
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Figure 3: Corticosteroid treatment inhibits CD56 binding to the fungus. NK cells were pre-stimulated with 
1000 U/ml IL-2 overnight before NK cells were co-cultured with A. fumigatus germ tubes (AF, MOI 0.5) or 
plain medium at 37 °C for 6 h. NK cells were gated into NKp46+/CD16+ or NKp46+/CD16- cells. CD56 mean 
fluorescence intensity (MFI) was evaluated by flow cytometry with and without fungal co-culture. Relative 
CD56 expression was calculated for alloSCT NK cells (P) and healthy controls (H). Values for relative CD56 
expression were grouped regarding (A) the time after alloSCT and (B) corticosteroid treatment. Data were 
acquired from (A) n = 11 (H); n = 9 (P60), n = 13 (P90); n = 12 (P120); n = 9 (P180) and (B) n = 11 (healthy) 
n = 18 (alloSCT and alloSCT + cort) experiments. Medians are displayed. Significant differences were 
calculated by the Kruskal-Wallis test with correction for multiple testing by the FDR method of Benjamini 
and Hochberg and are marked by asterisks (* p < 0.05; *** p < 0.001). 
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NK cells derived from patients during corticosteroid therapy display reduced fungal mediated 
chemokine secretion 
 
After CD56 binding to the fungus, NK cells secrete the chemokines MIP-1α, MIP-1β, and 
RANTES that are reduced secreted when CD56 is blocked before fungal co-culture (Ziegler et al., 
2017). These chemokines are important for immune cell recruitment (Charmoy et al., 2010, Bless 
et al., 2000, Souto et al., 2003)and are secreted explicitly by CD16+CD56dim NK cells, which are 
underrepresented early after alloSCT (Fig. 2B) (Fauriat et al., 2010). To specifically analyze 
CD16+CD56dim NK cells, we separated CD16+ from CD16- cells by CD16 positive magnetic 
isolation (Fig. 4A). CD16+ cells derived 90 days after alloSCT secreted significantly lower amounts 
of MIP-1α and showed a reduced secretion of MIP-1β and RANTES after fungal stimulation 
compared to healthy controls, indicating functional deficiencies of this subset (Fig. 4B-D).  
 

 
Figure 4: Chemokine secretion is inhibited in CD16+ cells after alloSCT. NK cells were obtained from 
healthy individuals or 90 days after alloSCT and were pre-stimulated with 1000 U/ml IL-2 overnight. (A) NK 
cell subsets were isolated with CD16 magnetic bead positive isolation, and subset purity was analyzed by 
flow cytometry. NK cell subsets were co-cultured with A. fumigatus germ tubes (AF, MOI 0.5) or plain 
medium for 6 h at 37 °C. Supernatants were collected, and chemokine levels of (B) MIP-1α, (C) MIP-1β, 
and (D) RANTES were analyzed. Data are displayed as (A) medians + range, (B-D) medians and were 
acquired from n = 5 different experiments. Significant differences were calculated by the Kruskal-Wallis 
test with correction for multiple testing by the FDR method of Benjamini and Hochberg and marked by an 
asterisk (* p < 0.05). 

 
 

Since corticosteroids were negatively influencing CD56 binding to the fungus, which was shown 
to mediate the secretion of MIP-1α, MIP-1β, and RANTES (Ziegler et al., 2017), we analyzed if 
corticosteroids were also influencing chemokine secretion in vivo. Indeed, NK cells derived from 
patients after alloSCT that were currently under corticosteroid therapy secreted lower amounts of 
chemokines compared to NK cells derived from patients without corticosteroid therapy (Fig. 5).  
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Figure 5: Chemokine secretion by alloSCT NK cells and healthy controls. NK cells were pre-stimulated 
with 1000 U/ml IL-2 overnight. NK cells obtained after alloSCT with and without corticosteroid treatment 
(alloSCT + cort) or from healthy controls (H) were co-cultured with A. fumigatus germ tubes (AF, MOI 0.5) 
or plain medium at 37 °C for 6 h. Supernatants were collected, and cytokine and chemokine levels of (A) 
MIP-1α, (B) MIP-1β, and (C) RANTES were analyzed. Data were acquired from n = 11 (H), n = 6 (alloSCT 60), 
n = 7 (alloSCT 90), n = 6 (alloSCT 120), n = 3 (alloSCT 180), n = 3 (cort 60), n = 5 (cort 90), n = 120 (cort 120), 
and n = 5 (cort 180) experiments. Data are displayed as medians. Significant differences were calculated 
by Kruskal-Wallis test with correction for multiple testing by the FDR method of Benjamini and Hochberg. 
Statistical significances are marked by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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NK cells from healthy individuals treated with prednisolone ex vivo show impaired fungal 
mediated chemokine secretion  
Since we observed defects in CD56 binding and chemokine secretion of NK cells obtained from 
patients after corticosteroid treatment, we next analyzed the effects of corticosteroids on healthy 
NK cells ex vivo. Therefor we stimulated NK cells for 40 h with physiological levels of 
prednisolone that are present in patients during an acute phase treatment.  
Prednisolone had no effect neither on NK cell viability nor on the cell amount measured by a cell 
viability analyzer (Fig. 6A). After stimulation, the medium was exchanged, and NK cells were co-
cultured with A. fumigatus germ tubes for 6 h. Prednisolone induced the down-regulation of CD56 
MFI on the NK cell’s surface, which made relative CD56 MFI an unreliable readout for analyzing 
ex vivo the effect of prednisolone treatment on CD56 binding to the fungus (Fig. 6B). Notably, NK 
cells derived from patients during corticosteroid therapy showed no CD56 downregulation 
compared to the control patient group (Supplement Fig. 2). A corticosteroid mediated down-
regulation of activation markers was shown in earlier studies (Ohira et al., 2017). Besides CD56, 
the NK cell activation markers NKp46 and CD69 were down-regulated on the NK cell surface after 
prednisolone treatment ex vivo (Supplement Fig 3A,B).  
Thus, we focused on the secretion of the fungal mediated chemokines MIP-1α, MIP-1β, and 
RANTES after treatment of healthy NK cells ex vivo with prednisolone. Interestingly, prednisolone 
treatment abrogated the ability to secrete those chemokines in fungal stimulated NK cells (Fig. 6C-
E). From these experiments, we concluded that corticosteroids have detrimental effects on the 
fungal binding and secretion of chemokines. 
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Figure 6: Prednisolone treatment of healthy NK cells reduces CD56 mediated chemokine secretion of 
MIP-1α, MIP-1β, and RANTES. NK cells were cultured with 1000 U/ml IL-2 in the presence of 25 µg/ml 
prednisolone for 40 h. (A) NK cell viability and cell counts were monitored by trypan blue staining using a 
cell viability analyzer (Beckman Coulter Vicell XR). NK cell-A. fumigatus (MOI 0.5) co-cultures were set for 
6 h. (B) CD56 mean fluorescence intensity (MFI) was analyzed by flow cytometry. The secretion of (C) MIP-
1α and (D) MIP-1β and (E) RANTES was analyzed by multiplex immunoassay. Data were acquired from (A) 
n = 5, (B-E) n = 8 different experiments. Data are displayed as (A) means + SD, (B, C) means, and (D, E) 
medians. Statistics were calculated by (A) paired t-test, (B, C) one-way ANOVA with FDR correction 
(FB[1.452, 10.16] = 445.2, FC[1.198, 8.385] = 21.46) and (D, E) Friedman test with FDR correction. Statistical 
significances are marked by asterisks (** p < 0.01, *** p < 0.001).  
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NK cells obtained after alloSCT display defects in fungal mediated actin polymerization 
 
Our previous studies demonstrate that CD56 relocalization to the fungal interface is dependent on 
actin (Ziegler et al., 2017). Since NK cells obtained from patients treated with corticosteroids 
showed reduced CD56 relocalization (Fig. 3), we hypothesized that this might be due to 
cytoskeletal defects. Thus, we first analyzed whether fungal stimulation induces actin 
polymerization by co-culturing NK cells obtained from healthy controls or after alloSCT with A. 
fumigatus germ tubes for 6 h. SIM was used to visualize actin dynamics in NK cells with 
subdiffraction spatial resolution (Gustafsson, 2000). Indeed, in NK cells from healthy individuals 
the presence of A. fumigatus germ tubes induced actin polymerization as indicated by more intense 
fluorescent staining of the F-actin binding probe phalloidin (Fig.  7A). In particular, the 
fluorescence of phalloidin was frequently increased at cell surface areas where the NK cell 
membrane interacted with the fungal hyphae (marked by arrow), concluding that actin 
polymerization is induced by fungal hyphae (Fig. 7B). Interestingly, NK cells frequently attached 
in close proximity to the fungal septae (Supplement Fig. 4A) and distinct actin protrusions were 
abolished upon ex vivo CSA treatment in healthy cells and in several alloSCT patient NK cells 
(Supplement Fig. 4B). 
 

 
Figure 7: A. fumigatus stimulates F-Actin in NK cells. NK cells were pre-stimulated with 1000 U/ml IL-2 
overnight. NK cells were co-cultured with  (AF, MOI 0.5) or without (ctrl) A  fumigatus germ tubes for 6 h. 
Cultures were fixed, and F-actin was stained with phalloidin staining solution for 24 h. Calcofluor was used 
to visualize the fungal cell wall. (A) Quantification of the actin signal per NK cell derived from n = 37 (H1), 
n = 48 (H2), and n = 62 (H3) SIM z-stacks. Data are displayed in medians and arbitrary units. Statistics were 
calculated by Wilcoxon test to compare the control samples and the fungal treated samples within each 
donor. Significant differences are displayed by asterisks (*** p < 0.001). (B) Fluorescence intensities were 
compared between NK cells treated with A. fumigatus germ tubes (AF, left) or control cells (ctrl, middle). 
To better visualize the distribution of F-actin on control cells, we displayed the fluorescence signal of 
phalloidin with three times higher contrast (right). Increases in F-actin levels by fungal treatment are 
marked by an arrow. Fungal hyphae are displayed in magenta. Representative data from n = 3 different 
experiments are shown. Scale bar, 2 µm. 
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Next, we analyzed the actin cytoskeleton with live-cell staining using flow cytometry. NK cells 
obtained from healthy individuals or patients 60, 90, 120, or 180 days post alloSCT were incubated 
with A. fumigatus germ tubes for 6 h, co-cultures were harvested, and cells were incubated in 1 µM 
SiR 647 F-actin binding peptides (Fig. 8). The induction of actin was calculated by dividing the 
actin signal after fungal co-culture by the actin signal before fungal co-culture (Fig. 8). To analyze 
the dependency of CD56 binding on the actin induction, we plotted relative CD56 values obtained 
from NK cells after alloSCT against the individual fungal mediated actin induction (Fig. 8A). 
Indeed, relative CD56 values negatively correlated with the induction of actin (p = 0.0104, two-
tailed Spearman correlation), indicating that CD56 relocalization is dependent on fungal mediated 
actin polymerization (Fig. 8A).  
 
Since CD56 binding to the fungus was dependent on fungal mediated actin polymerization 
(Fig. 8A) and CD56 binding was negatively affected by corticosteroid treatment (Fig. 3B), we next 
analyzed whether actin polymerization changed during corticosteroid treatment. Therefore, we 
grouped patients into corticosteroid receiving and non-corticosteroid receiving cohorts and only 
included samples matching the time after alloSCT and further drug treatment. There were no 
significant differences in the fungal mediated actin induction observable between corticosteroid-
receiving and non-corticosteroid receiving patients (Fig. 8B). Also, ex vivo prednisolone treatment 
of healthy NK cells was not influencing fungal mediated actin induction (Fig. 8C).  
However, fungal mediated actin polymerization was dependent on the time point of blood 
collection after alloSCT. Interestingly, NK cells collected at early time points after alloSCT showed 
a weaker fungal mediated actin polymerization (mean at day 60: 1.69) in comparison to later time 
points (mean at day 180: 3.69) or healthy controls (mean: 3.26, Fig. 5b) (Fig. 8D). Notably, CD16+ 
and CD16- NK cells showed no differences in actin polymerization after A. fumigatus co-culture 
(Suppl. Fig. 5), concluding that the differences between healthy individuals and patients after 
alloSCT are not the cause of different NK cell subset contributions.  
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Figure 8: Actin induction following fungal stimulation recovers within 6 months after alloSCT. (A, B, D) 
NK cells were isolated from patients 60, 90, 120, and 180 days after alloSCT (P) or healthy controls (H). (B) 
NK cells were isolated from healthy controls and stimulated with 25 µg/ml prednisolone ex vivo for 40 h. 
(A-D) NK cells were cultured alone or with A. fumigatus germ tubes (MOI 0.5) for 6 h. Cells were stained 
for surface markers, treated with the F-Actin binding probe Sir647 for 50 min, and were analyzed by flow 
cytometry. Relative actin induction was calculated by the division of Sir647 MFI after fungal co-culture 
with Sir647 MFI of control cells. Data were acquired from (A) n = 44, (B) n = 14, (C) n = 8 , and (D) n = 11 
(H); n = 9 (P60), n = 13 (P90); n = 12 (P120); n = 8 (P180) different experiments. Data are displayed as (B-
D) means. Significant differences were calculated by (A) two-tailed Spearman correlation, (B) unpaired t-
test with Welch’s correction, (C) Wilcoxon test, and (D) One-way ANOVA with FDR correction (F[4, 48] = 
3.112), and. Statistical significance is marked by an asterisk (* p < 0.05). 
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To test, whether the impaired fungal clearance in alloSCT derived NK cells might be due to changes 
in CD56 mobility we performed 2D single-molecule tracking (SMT) experiments of CD56 
(Supplementary Video 1) as described previously (Schlegel et al., 2019, Wäldchen et al., 2020). 
Surprisingly, we could not observe significant differences in the diffusion coefficient (Fig. 9A), 
anomalous diffusion constant (Fig 9B) and bound fraction (data not shown) (Hansen et al., 
2018)between control and alloSCT NK cells. All tested parameters were quite robust and are in 
good agreement with previously published data (Wäldchen et al., 2020), highlighting the 
importance of proper CD56 mobility for NK cell physiology.  
 
 

 
Figure 9: Single-molecule tracking of CD56 on primary NK cells of healthy and alloSCT patients isolated 120 
days after alloSCT. (A) No significant differences in the ensemble diffusion coefficents derived from MSD 
analysis of individual trajectories between healthy (green) and alloSCT (magenta) NK cells. Median 
diffusion coefficents were between 0.028 and 0.042 µm2/sα. (B) Analysis of anomalous diffusion indicates 
subdiffusive behaviour of CD56 on healthy (green) and alloSCT (magenta) NK cells with no significant 
differences between healthy and alloSCT trajectories. We analyzed at least 11 NK cells with numerous 
trajectories for each condition (healthy #1 n=18, healthy #2 n=11, healthy #3 n=28, alloSCT #1 n=11, 
alloSCT #2 n=12, alloSCT #3 n=12, alloSCT #4 n=11) 

 
In order to follow single CD56 molecules simultaneously with the underlying actin cytoskeleton 
we performed SMT experiments in the presence of the fluorogenic far-red F-actin probe SiR700. 
Since fluorescence emission of labelled CD56 receptors and F-actin was detected by one camera 
and same filter settings, we had to bleach the strong F-actin signal before both signals had similar 
intensity regimes. Indeed, CD56 molecules moved along individual actin filaments in the cell 
periphery (Supplementary Video 2) which is in good agreement with partial colocalization of CD56 
and actin observed by SIM (Supplementary Figure 5).  
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Discussion 
Patients after alloSCT are at an increased risk of IA due to a long-term state of T/B cell deficiency 
(Corre et al., 2010). Besides, a lack of innate immune cells such as neutrophils further negatively 
impacts on the outcome of IA (Muhlemann et al., 2005). Stuehler et al. correlated low NK cell 
counts and NK cell reconstitution with a higher risk of developing IA, which underlined the role 
of NK cells in the defense against A  fumigatus (Stuehler et al., 2015). The interaction of NK cells 
with A. fumigatus is mediated by the neuronal cell adhesion molecule (NCAM-1, CD56), which 
binds to interacting hyphae in an actin- and time-dependent manner. Blocking of CD56 was shown 
to reduce fungal mediated NK cell activation and the secretion of the immune-recruiting 
chemokines MIP-1α, MIP-1β, and RANTES (Ziegler et al., 2017).  
By comparing CD56 and CD16 expression levels on NK cells obtained after alloSCT and healthy 
controls, we confirmed the presence of more immature CD16-CD56bright NK cells in the peripheral 
blood of allograft recipients which persisted in most of the patients until 180 days post-transplant. 
Nevertheless, we detected no significant differences in CD56 dependent fungal binding between 
NK cells derived from healthy individuals or alloSCT patients independent from the time point of 
blood draw. However, CD56 binding after alloSCT was distributed inhomogeneously and showed 
outliers.  
Considering the possibility that different drug treatments of alloSCT recipients might influence NK 
cell binding to fungal pathogens, we found CD56 binding to be inhibited in blood samples from 
patients receiving corticosteroid therapy. This therarpy is mainly applied to treat acute or chronic-
graft-versus-host disease (GvHD). Interestingly, patients developing acute or chronic GvHD after 
alloSCT have also an increased risk for IA, especially when receiving corticosteroids (Labbe et al., 
2007). Corticosteroids have anti-inflammatory and immunosuppressive effects and are 
administered to prevent graft rejection after alloSCT (Quellmann et al., 2008). Additionally, several 
cell functions, e.g., cytotoxicity, cell metabolism, and cytokine production, are suppressed by 
glucocorticoid treatment (Thum et al., 2008, Scheinman et al., 1995, Elftman et al., 2007).  
Indeed, corticosteroid treatment inhibited the fungal mediated secretion of MIP-1α, MIP-1β, and 
RANTES in NK cells obtained at day 60-120 post-alloSCT. After 180 days, chemokine levels from 
corticosteroid treated NK cells normalized to that of healthy control levels which may be due to 
tapering of corticosteroid treatment over time, as corticosteroids are primarily used to treat GvHD 
after alloSCT (Quellmann et al., 2008, Bacigalupo et al., 2017). Therefore, low-level doses of 
corticosteroids to later time points may only marginally impact chemokine secretion. The primary 
corticosteroid agent for treatment of a GvHD is prednisolone, thus we tested the effect of 
prednisolone on NK cells from healthy individuals ex vivo. Prednisolone abrogated the fungal 
mediated secretion of MIP-1α, MIP-1β, and RANTES in healthy NK cells, confirming detrimental 
effects on chemokine secretion and immune cell function.  
Glucocorticoids intracellularly bind to glucocorticoid receptors which are then transported into the 
nucleus. GR can either bind to glucocorticoid response elements (GREs), and function as 
transcriptional inducers or repressors, or interact with other transcription factors, thereby 
influencing their target gene expression (Jantzen et al., 1987, Beato, 1989, Beato et al., 1996, 
Nelson et al., 2003). In particular, glucocorticoids can inhibit NF-кB target gene expression by 
increasing the export rate of the activated p65 (RelA) NF-кB subunit from the nucleus to the 
cytoplasm (Nelson et al., 2003). MIP-1α, MIP-1β, and RANTES are NF-кB target genes, and their 
biological function is to recruit leukocytes to sites of inflammation and the initiation of a protective 
Th1 response (Moriuchi et al., 1997, Grove and Plumb, 1993, Widmer et al., 1993, Schrum et al., 
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1996, Huang and Levitz, 2000). Since NK cells secrete MIP-1α, MIP-1β, and RANTES after fungal 
binding by CD56, we hypothesize that CD56 might activate the NF-кB pathway after relocalization 
to the fungal interaction site.  
Former studies report that CD56 relocalization to the fungal interface is abolished after disruption 
of actin dynamics by cytochalasin D, concluding actin-dependent CD56 relocalization (Ziegler et 
al., 2017). We supported these findings by showing that a higher fungal mediated actin induction 
correlated with higher CD56 relocalization. We further demonstrated that the overall potential for 
fungal mediated actin polymerization was reduced in NK cells obtained after alloSCT. 
Interestingly, this was a time-dependent effect and actin defects recovered within 180 days post-
alloSCT at which time actin induction was similar to healthy controls. Until now, it has not been 
clear why NK cells obtained early after alloSCT show a lower potential for actin polymerization. 
Actin polymerization is crucial for NK cell differentiation, activation, and cytotoxicity (Lee and 
Mace, 2017, Carisey et al., 2018, Watzl and Long, 2003). Interestingly, the recent work from Lee 
and Mace has revealed that NK cell motility increases with cell maturation, concluding that the 
actin cytoskeleton may fully develop over time (Lee and Mace, 2017). Since actin dynamics are 
crucial for several cellular processes, this may impact further functions in NK cells and other cell 
types post-alloSCT that have to be investigated in future studies. Although CD56 relocalization to 
the hyphae is dependent on actin dynamics, the overall mobility and diffusion properties of this 
adhesion receptor in the plasma membrane is not influenced in alloSCT patients even upon 
corticosteroid treatment 120 days post-alloSCT. Thus, impaired CD56 function during 
corticosteroid therapy is probably not caused by defects in receptor mobility but rather by other 
mechanisms, e.g. hindered downstream signalling cascades. By using SMT we randomly observed 
a small subset of CD56 molecules and did not account for the many CD56 isoforms and their degree 
of sialylation. Future studies should therefore unravel the role of CD56 isoforms as well as the time 
course after alloSCT on CD56 diffusion. Interestingly, CD56 mobility was very robust in all tested 
conditions which might reflect its important function in NK cell physiology.  
We demonstrated that CD56 binding and the secretion of chemokines are impaired after 
corticosteroid treatment, suggesting that CD56 may activate NF-кB signaling after fungal binding. 
Since it was shown that NK cells have a protective effect on the outcome of IA (Stuehler et al., 
2015), our data demonstrated that corticosteroid treatment might favor the development of IA also 
by suppressing NK cell function in addition to effects on other immune cells.  
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Contribution to the field statement 
Aspergillus fumigatus is an ubiquitous fungal pathogen mainly found on degrading biomass. The 
2-3 µm small spores are disseminated by air, and are small enough to be daily inhaled by human 
individuals. In healthy persons, the innate immune system is able to clear spores within hours. In 
contrast, immune suppression enables fungal germination, infiltration of deeper lung tissues, and 
encountering the bloodstream, which results in severe systemic infections or even death. Invasive 
aspergillosis (IA) is observed in ~5 % of the patients after allogeneic stem cell transplantation 
(alloSCT); however, the mortality rate is devastating (>75 %). Delayed NK cell reconstitution after 
alloSCT and diminished cell numbers were associated with a higher risk of developing IA. NK 
cells recognize A. fumigatus by a surface receptor named CD56, which is binding to hyphal 
structures and mediating cell activation and secretion of immune recruiting chemokines like MIP-
1α, MIP-1β, and RANTES. In this study, we characterized anti-fungal NK cell responses of healthy 
individuals and patients after alloSCT. CD56 binding to the fungus was decreased during 
corticosteroid therapy, which was further associated with reduced secretion of MIP-1α, MIP-1β, 
and RANTES. Treatment of healthy NK cells with corticosteroids ex vivo had the same adverse 
effect on NK cell function, demonstrating inhibitory impact of corticosteroids on anti-fungal NK 
cell function.  
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Table 1: Patient characteristics. 
 

ID Gender Age 
(yrs) Day 60 Day 90 Day 120 Day 180 

GvHD 
with 

systemic 
CS 

treatment 

CS 
treatment 
duration 

CS     
dosage 

2 female 36 CSA CSA CSA, pred CSA, pred no >18 weeks low-
dose 

4 male 59 CSA, MMF CSA, MMF CSA noT no - - 

5 male 62 MMF pred pred noT skin ~4 weeks 
initial 
high 
doses 

6 female 60 CSA, MMF CSA, MMF CSA, 
hydrocort 

CSA, 
hydrocort no >20 weeks low-

dose 
7 male 57 MMF noT noT noT no - - 

8 female 49 CSA, MMF CSA CSA, 
Rituximab 

CSA, pred, 
rapa skin, IT ~3 weeks 

initial 
high 
doses 

9 male 55 
rapa, MMF, 
hydrocort, 

CSA 
MMF, CSA CSA CSA, pred, 

rapa skin, IT ~4 weeks 
initial 
high 
doses 

10 male 63 pred, rapa pred, rapa pred, rapa noT no >8 weeks low-
dose 

12 female 45 CSA, MMF n/a n/a n/a no - - 

14 female 42 CSA, rapa, 
MMF rapa, pred rapa, pred rapa, pred skin >15 weeks 

initial 
high 
doses 

15 male 66 rapa, MMF, 
pred 

rapa, MMF, 
pred 

rapa, MMF, 
pred rapa, pred no >25 weeks low-

dose 

16 female 34 CSA, MMF CSA, MMF CSA, 
MMF, pred hydrocort skin ~6 weeks 

initial 
high 
doses 

17 male 58 MMF, CSA, 
rapa rapa, MMF rapa rapa no - - 

18 male 45 CSA, pred, 
budesonid rapa, pred rapa, pred n/a liver, IT >14 weeks 

initial 
high 
doses 

22 male 48 rapa, MMF rapa, MMF rapa, MMF noT no - - 
24 male 49 CSA, rapa CSA, rapa n/a n/a no - - 
26 male 65 CSA, MMF CSA, MMF CSA CSA no - - 

 

 
CSA = cyclosporine, rapa = rapamycin, hydrocort = hydrocortisone, pred = prednisolone, MMF 
= mycophenolate mofetil, CS = corticosteroid, IT = intestinal tract, low-dose (<1 mg/kg), high-
dose (>1 mg/kg) 
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Supplementary Information 
 

 
Supplementary Figure 1: The remaining CD56-positive interaction site on the fungal surface after 
physical separation of co-cultures. First two rows show example images from NK cell CD56 contact sites 
(red) after physical separation of NK cells (green) from A. fumigatus (magenta). Remaining CD56 signal at 
the hyphae indicates a strong molecular interaction, whereas whole NK cells (green) were washed away. 
NK cells were labelled with phalloidin and A. fumigatus with calcofluor.  Scale bar, 3 µm. 

 

3 RESULTS

152



NK-A. fumigatus interaction after alloSCT 

 
25 

 
Supplementary Figure 2: CD56 MFI is not altered on NK cells obtained from corticosteroid recipients. NK 
cells derived after alloSCT were incubated with 1000 U/ml IL-2 overnight before the medium was 
exchanged, and NK cells were cultured for 6 h in RPMI + FCS. The surface expression of CD56 was 
determined by flow cytometry. Mean fluorescence intensities (MFI) of CD56 was determined in NK cells 
obtained from patients with (cort) or without corticosteroid (no cort) treatment. Samples were matched 
regarding time after alloSCT and further drug treatment. Data were acquired from n = 14 experiments. 
Data are displayed as medians. Statistical analysis was performed by unpaired t-test with Welch’s 
correction. 

 
 

 
Supplementary Figure 3: Prednisolone treatment of healthy NK cells decreases the expression of the 
activation markers NKp46 and CD69. NK cells were treated with 25 µg/ml prednisolone in the presence 
of 1000 U/ml IL-2 for 40 h. The medium was exchanged, and NK cells were either cultured alone or with 
A. fumigatus germ tubes (MOI 0.5) for 6 h. Cells were analyzed regarding the surface expression of (A) 
NKp46 and (B) CD69 using flow cytometry. Data are displayed as means. Statistical analyses were 
performed by paired t-test and significant differences are marked by asterisks (* p < 0.05, ** p < 0.01). 
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Supplementary Figure 4: NK cells interact at A. fumigatus septae and show different actin morphologies 
upon corticosteroid treatment. NK cells were labelled with phalloidin (green) and A. fumigatus with 
calcofluor (magenta). (A) Frequently, NK cells adhered at fungal septae (white arrow) and showed strong 
actin induction. (B) Healthy NK cells showed distinct and fine actin protrusions which were abolished upon 
ex vivo cyclosporine treatment or in several alloSCT NK cells. Scale bar, 3µm.  

 
 

 
Supplementary Figure 5: NK cells were isolated from patients 60, 90, 120, and 180 days after alloSCT (P) 
or healthy controls (H). For analysis, NK cells were pre-stimulated with 1000 U/ml IL-2 overnight and 
afterward co-cultured with A. fumigatus germ tubes (MOI 0.5) or alone for 6 h. NK cells were treated with 
the F-Actin binding probe Sir647 for 50 min before cells were analyzed by flow cytometry. Relative actin 
induction was calculated by the division of Sir647 MFI after fungal co-culture with Sir647 MFI of control 
cells. Data were acquired from n = 4 (H); n = 8 (P60); n = 6 (P90); n = 6 (P120); n = 9 (P180) different 
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experiments. Data are displayed as medians. Significant differences were calculated by Kruskal-Wallis test 
with FDR correction to compare within NK cell subsets, and Wilcoxon test to compare between NK cell 
subsets. Statistical significance is marked by an asterisk (* p < 0.05). 

 
Supplementary Video 1: Single-molecule tracking of CD56 on human NK cells. NK cells were isolated from 
patients 120 days after alloSCT or healthy individuals and labelled with anti-CD56 antibodies as described. 
Example video from one experiment showing CD56 receptors moving on the basal plasma membrane. 
Single spots are marked by magenta circles and local tracks are shown as yellow lines. The video was 
generated with the help of the Fiji plugin TrackMate [1,2]. Scale bar, 2 µm. 

 

Supplementary Video 2: Single-molecule tracking of CD56 on human NK cells in combination with actin 
visualization. NK cells were isolated from patients 120 days after alloSCT or healthy individuals and 
labelled with anti-CD56 antibodies and SiR700 actin as described. Example video from one experiment 
showing bright CD56 receptors moving along individual actin filaments in the NK cell periphery. 
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3.11 Nanoscale Imaging of Bacterial Infections by Sphingolipid

Expansion Microscopy

Abstract

"Expansion microscopy (ExM) enables super-resolution imaging of proteins and nucleic

acids on conventional microscopes. However, imaging of details of the organization of

lipid bilayers by light microscopy remains challenging. We introduce an azide- and amino-

modi�ed sphingolipid ceramide, which upon incorporation into membranes can be labeled

by click chemistry and linked into hydrogels, followed by 4x to 10x expansion. Confo-

cal and structured illumination microscopy (SIM) enabled imaging of sphingolipids and

their interactions with proteins in the plasma membrane and membrane of intracellular

organelles with a spatial resolution of 10-20 nm. Because sphingolipids accumulated e�-

ciently in pathogens we used sphingolipid ExM to investigate bacterial infections of human

HeLa229 cells by Neisseria gonorrhoeae, Chlamydia trachomatis and Simkania negevensis

with a resolution so far only provided by electron microscopy. In particular, sphingolipid

ExM allowed us to visualize the inner and outer membrane of intracellular bacteria and

determine their distance to 27.6 ± 7.7 nm."

The following manuscript was submitted on June 8th, 2020 to an open-access peer-reviewed

international journal and permission for legal second publication within this thesis was

kindly granted from both the publishers and the co-authors.
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Abstract 

Expansion microscopy (ExM) enables super-resolution imaging of proteins and nucleic 

acids on conventional microscopes. However, imaging of details of the organization of 

lipid bilayers by light microscopy remains challenging. We introduce an azide- and 

amino-modified sphingolipid ceramide, which upon incorporation into membranes can 

be labeled by click chemistry and linked into hydrogels, followed by 4x to 10x 

expansion. Confocal and structured illumination microscopy (SIM) enabled imaging of 

sphingolipids and their interactions with proteins in the plasma membrane and 

membrane of intracellular organelles with a spatial resolution of 10-20 nm. Because 

sphingolipids accumulated efficiently in pathogens we used sphingolipid ExM to 

investigate bacterial infections of human HeLa229 cells by Neisseria gonorrhoeae, 

Chlamydia trachomatis and Simkania negevensis with a resolution so far only provided 

by electron microscopy. In particular, sphingolipid ExM allowed us to visualize the inner 

and outer membrane of intracellular bacteria and determine their distance to 27.6 ± 7.7 

nm.   
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Introduction 

In the last decade, super-resolution microscopy has evolved as a very powerful method for 

subdiffraction-resolution fluorescence imaging of cells and structural investigations of cellular 

organelles1,2. Super-resolution microscopy methods can now provide a spatial resolution that 

is well below the diffraction limit of light microscopy, enabling invaluable insights into the spatial 

organization of proteins in biological samples. However, in particular three-dimensional and 

multicolor super-resolution microscopy methods require elaborate equipment and experience 

and are therefore mostly restricted to specialized laboratories.   

Expansion microscopy (ExM) provides an alternative approach to bypass the diffraction limit 

and enable super-resolution imaging on standard fluorescence microscopes. By linking a 

protein of interest into a dense, cross-linked network of a swellable polyelectrolyte hydrogel, 

biological specimens can be physically expanded allowing ~70 nm lateral resolution by 

confocal laser scanning microscopy. Since its introduction by Boyden and co-workers in 20153, 

expansion microscopy (ExM) has shown impressive results including the magnified 

visualization of pre- or post-expansion labeled proteins and RNAs with fluorescent proteins, 

antibodies, and oligonucleotides, respectively, in cells, tissues, and human clinical specimen4. 

ExM has been developing at an enormous speed with various protocols providing expansion 

factors from 4x3 to 10x5,6 and even 20x by iterative expansion7. In addition, various protocols 

have been introduced enabling subdiffraction-resolution imaging of proteins, RNA, and 

bacteria in cultured cells, neurons, and tissues by confocal fluorescence microscopy and in 

combination with super-resolution microscopy5-14. 

In order to be usable for ExM, the molecule of interest has to exhibit amino groups that can 

react with glutaraldehyde (GA)9, MA-NHS9, AcX10, or Label-X11 and be linked into the 

polyelectrolyte hydrogel. The plasma membrane of cells is mainly composed of 

glycerophospholipids, sphingolipids, and cholesterol. Due to the lack of primary amino groups, 

these lipids neither can be fixed by formaldehyde, glutaraldehyde and other chemical fixatives 

nor expanded using available ExM protocols. To this end, we sought to functionalize a lipid 

that is compatible with ExM. So far, sphingolipids have only been functionalized as azides to 

enable fluorescence labeling by click chemistry after incorporation into cellular membranes15-

18. Therefore, we set out to introduce an azide and primary amino group into sphingolipids to 

enable fluorescence labeling and chemical fixation as well as linking of the lipid into a swellable 

hydrogel. Our results demonstrate that the designed bifunctional sphingolipid is efficiently 

incorporated into membranes of cells and accumulates in bacterial membranes, which allowed 

us to investigate the distribution of lipids and interactions with proteins in cellular and bacterial 

membranes with high spatial resolution. 
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Results  

Sphingolipid ExM of cellular membranes  

Sphingolipids are natural lipids comprised of the sphingoid base backbone sphingosine, which 

when N-acylated with fatty acids forms ceramide, a central molecule in sphingolipid biology. 

Sphingolipid ceramides regulate cellular processes such as differentiation, proliferation, growth 

arrest and apoptosis. Ceramide-rich membrane areas promote structural changes within the 

plasma membrane, which segregate membrane receptors and affect the membrane curvature 

and vesicle formation, fusion and trafficking19,20. 

We selected ω-N3-C6-ceramide, which is efficiently incorporated into cellular membranes and 

can be click-labeled with DBCO-functionalized dyes for fluorescence imaging21,22, for further 

functionalization with a primary amino group (Supplementary Figs. 1-13). Therefore, we 

synthesized α-NH2-ω-N3-C6-ceramide from (tert-butoxycarbonyl)-L-lysine (Fig. 1a). We first 

assessed if the synthesized α-NH2-ω-N3-C6-ceramide (Fig. 1a) is incorporated into cellular 

membranes similar to the control ceramide without amino modification and can be labeled by 

click chemistry with DBCO-dyes. For this, cells were fed for 1 h with the two ceramides, fixed 

with glutaraldehyde and click-labeled with DBCO-Alexa Fluor 488. Confocal fluorescence 

images showed that both analogues ω-N3-C6-ceramide and α-NH2-ω-N3-C6-ceramide were 

incorporated into the plasma membrane and membranes of intracellular organelles of 

HeLa229 cells with comparable efficiency (Fig. 1). Fluorescence recovery after photobleaching 
(FRAP) experiments with both ceramides indicated that ω-N3-C6-ceramide shows a higher 

mobility in the plasma membrane after fixation than α-NH2-ω-N3-C6-ceramide (Fig. 1b). This 

finding was corroborated by the treatment of labeled cells with detergents, which wash out 

unfixed lipids. Upon addition of Triton X-100 or saponine ω-N3-C6-ceramide was efficiently 

washed out whereas the fluorescence signal of the amino-modified analog α-NH2-ω-N3-C6-

ceramide decreased only slightly and was preserved for weeks (Fig. 1c and Supplementary 
Fig. 14). These results demonstrate that the crosslinker glutaraldehyde can efficiently fix 

amino-modified ceramides incorporated into cellular membranes.  

Since glutaraldehyde (GA) can link proteins into hydrogels9 we reasoned that α-NH2-ω-N3-C6-

ceramides might be as well suited for membrane expansion. To demonstrate its usefulness for 

ExM we treated HeLa229 with NH2-ω-N3-C6-ceramide followed by glutaraldehyde fixation, 

permeabilization, fluorescence labeling with DBCO-Alexa Fluor 488, and gelation. For direct 

comparison we tested the membrane-binding fluorophore-cysteine-lysine-palmitoyl group 

(mCling), which labels the plasma membrane and is taken up during endocytosis23. Since it 

carries a primary amine as well, it also remains attached to membranes after fixation and 

permeabilization and can therefore potentially be used for ExM. In fact, both amino-

functionalized membrane probes can be expanded using the GA ExM protocol9. 4x and 10x 
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expanded confocal fluorescence images of ceramide stained cells clearly showed staining of 

the plasma membrane as well as of membranes of intracellular organelles such as 

mitochondria, whereas mCling is efficiently incorporated mainly into the cell’s plasma 

membrane (Fig. 2). To verify the expansion factor and investigate if sphingolipid ExM distorts 

membranes we imaged the same cell before and after 4x and 10x expansion and determined 

effective expansion factors of 4.1x and 9.8x (Supplementary Fig. 15). The confocal 

fluorescence images of 4x and 10x expanded cellular membranes demonstrate that 

sphingolipid ExM labeling is dense enough to support nanoscale resolution imaging of 

continuous membrane structures and even thin membrane protrusions (Fig. 2 and 

Supplementary Fig. 15). 

 

Imaging of expanded lipids and proteins 

Furthermore, we tested if the sphingolipid ExM protocol enables imaging of lipids and proteins 

in the same sample. We therefore immunolabeled the mitochondrial protein Prx3 after 

permeabilization and click labeling of the bifunctional ceramide. The results obtained clearly 

showed that the amino-functionalized sphingolipid NH2-ω-N3-C6-ceramide can be used 

advantageously for super-resolution imaging of cellular membranes and interactions between 

proteins and ceramides in 4x and 10x expanded samples (Fig. 2a). Very recently, Boyden and 

coworkers introduced an alternative membrane ExM method (mExM) based on a membrane 

intercalating probe, which enables imaging of 4.5x expanded cellular membranes24. The 

membrane probe contains a chain of lysines for binding to a polymer anchorable handle and 

a lipid tail on the amine terminus of the lysine chain, with a glycine in between to provide 

mechanical flexibility. Furthermore, a biotin residue is attached to enable fluorescence staining 

of the probe with labeled streptavidin. Both methods, mExM and sphingolipid ExM allow for 

joint imaging of proteins and lipid membrane structures at nanoscale resolution.    

 

Sphingolipid ExM of bacterial infections 

In addition to the regulation of cellular processes, ceramides play an essential role in infections 

with pathogenic bacteria8,25,26. These include Neisseria gonorrhoeae27, Simkania negevensis28 

and Chlamydia trachomatis29,30. C. trachomatis is by far the best investigated example for an 

interaction of pathogenic bacterium and host sphingolipid metabolism. This obligate 

intracellular Gram-negative bacterium is the most frequent cause of bacterial sexually 

transmitted diseases31. It resides in a membrane-bound vacuole (the inclusion) inside their 

host cells and undergoes a complex developmental cycle between infectious non-replicating 

elementary bodies (EB) and non-infectious replicating reticulate bodies (RB). During infection, 

Chlamydia manipulate a plethora of cellular processes, among them the sphingolipid 
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metabolism15,16,32. The ceramide transporter CERT seems to play a key role in ceramide 

uptake as it strongly localizes in infected cells at the inclusion membrane recruited by the 

bacterial inclusion protein IncD instead of mediating golgi-ER-trafficking33.  

To study ceramide uptake by pathogens during infection in more detail we first fed cells with 

NH2-ω-N3-C6-ceramide for 5 to 60 min 24 h post infection with C. trachomatis. The cells were 

then GA fixed and click-labeled with DBCO-Alexa Fluor 488 for fluorescence imaging. Confocal 

fluorescence images demonstrated rapid integration of the ceramide into the membrane of C. 

trachomatis already after 5 min and further increasing for longer incubation times 

(Supplementary Fig. 16). This indicates a highly effective and fast ceramide uptake by C. 

trachomatis. Additionally, we applied the specific CERT inhibitor HPA-12 to impede ceramide 

integration into the bacterial membrane. Fluorescence images recorded after application of 

HPA-12 showed that HPA-12 efficiently inhibits ceramide uptake by C. trachomatis at higher 

concentrations for short ceramide incubation times of 5 and 15 min (Supplementary Fig. 16). 

For longer ceramide incubation times the influence of HPA-12 treatment on ceramide uptake 

by bacteria was negligible, suggesting the involvement of different lipid uptake pathways such 

as vesicle trafficking from the Golgi apparatus34. 

Next, we investigated if the uptake of ceramides by intracellular pathogens enables ExM of 

infected cells. Therefore, we fed NH2-ω-N3-C6-ceramide to HeLa229 cells post-infection with 

C. trachomatis and S. negevensis, another member of the order Chlamydiales (Fig. 3). Cells 

were then fixed with GA, permeabilized, click-labeled with DBCO-Alexa Fluor 488 and 

expanded using two different ExM protocols. Confocal fluorescence images of the same cells 

recorded before and after 10x expansion revealed a good quality agreement of bacterial 

membrane shapes and numbers of bacteria (Supplementary Fig. 17). In addition, the post-

expansion images clearly showed that the ceramides accumulate strongly in bacterial 

membranes after infection (Supplementary Fig. 17).   

Cells infected with a high number of S. negevensis required 10x expansion to distinguish 

individual bacteria (Figs. 3a-c). On the other hand, already 4x expansion was sufficient to 

distinguish between the two forms of C. trachomatis, RBs and EBs as has already been shown 

previously by ExM (Figs. 3d,e)8. Higher expansion (10x ExM) demonstrated that the ceramide 

signal accumulates in the membranes of the two pathogens C. trachomatis and S. negevensis 

(Figs. 3c,f). The fluorescence signals of host cell membranes appeared comparably dim 

(compare Fig. 2 and Fig. 3) indicating an extremely efficient ceramide uptake by bacteria. 

Corresponding control experiments with ω-N3-C6-ceramide and DBCO-Alexa Fluor 488 alone 

showed only very weak background staining (Supplementary Fig. 18). These results clearly 

show that sphingolipid ExM enables very dense and continuous membrane staining of 
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intracellular bacteria and thus imaging of bacterial membranes with a resolution hitherto only 

provided by electron microscopy. 

So far, we focused our investigations on bacterial infections and demonstrated the fast and 

efficient incorporation of NH2-ω-N3-C6-ceramide into C. trachomatis and S. negevensis and 

their 4x and 10x expansion (Fig. 3). The introduced method can be highly valuable for studying 

not only host pathogen interactions but also lipid metabolism. It would be very interesting to 

investigate the interaction of Inc proteins involved in ceramide transport like IncD, CERT, as 

well as Golgi and ER proteins to further elucidate the uptake and incorporation of ceramides 

into the membrane of C. trachomatis. Furthermore, we tested if the ceramide underlying 

structure sphingosine can be used successfully for ExM. The sphingoid base backbone 

sphingosine carries a natural amino group and plays a central role in infections with N. 

gonorrhoeae among other bacterial pathogens34. Addition of ω-N3-sphingosine to infected 

Chang cells followed by GA fixation, permeabilization, click labeling with DIBO-Alexa Fluor 488 

and gelation demonstrated the general applicability of the method. Details of intracellular N. 

gonorrhoeae can be clearly visualized by sphingolipid ExM (Supplementary Fig. 19). 

 

Imaging interactions of bacteria and intracellular proteins 

To demonstrate the compatibility of sphingolipid ExM for investigations of pathogen 

interactions with intracellular proteins, we investigated chlamydial interactions with 

mitochondria. It is known that C. trachomatis reorganizes the host organelles. However, so far 

all investigations have been performed by confocal fluorescence imaging or electron 

microscopy35. Hence, we immunolabeled the mitochondrial matrix protein Prx3 and 

incorporated ceramides in C. trachomatis infected cells before gelation. The corresponding 

confocal fluorescence images of 10x expanded samples showed the mitochondrial 

rearrangement after infection with C. trachomatis as mitochondria localized around the 

inclusion (Fig. 3g). To highlight details of this interaction by a higher spatial resolution we used 

structured illumination microscopy (SIM)36, which allowed us to uncover direct interactions 

between mitochondria and C. trachomatis (Fig. 3h). In some cases, Prx3 signals appeared to 

be located in bacteria indicating unspecific protein uptake. Similar experiments performed in 

the absence of primary antibodies demonstrated that the signals detected in bacteria are not 

caused by nonspecific binding of the used secondary antibody (Supplementary Fig. 20). 
Albeit ceramides accumulate strongly in bacterial membranes the labeling density of 

intracellular membranes is still high enough to enable nanoscale imaging of protein-pathogen 

interactions in infected cells.    

Interestingly, we could often detect individual Chlamydia within close proximity to the inclusion 

membrane after feeding with NH2-ω-N3-C6-ceramides, possibly indicating an active docking to 
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the inclusion membrane and an absorption of nutrition by C. trachomatis (Supplementary Fig. 
21 and Supplementary Movie 1) as has been hypothesized earlier37 and reported in electron 

microscopy studies35,38. This behavior has previously been proposed as a mechanism by which 

RBs acquire nutrients including host lipids39 and as an essential step in chlamydial 

development37. However, previous attempts to localize chlamydial particles in the inclusion 

required highly laborious techniques such as Serial block-face scanning electron microscopy35. 

Using sphingolipid ExM with clickable probes, the three-dimensional structure of lipid 

interfaces can be imaged at a lateral resolution of ~20 nm by confocal fluorescence 

microscopy. This enables to investigate metabolite acquisition like highly efficient ceramide 

transfer from the host to bacterial membranes at higher resolution and even in three 

dimensions.  

 

10x Sphingolipid ExM-SIM resolves the double membrane of intracellular bacteria  

Whereas transport of ceramide to the Chlamydia inclusion has been reported earlier29, one of 

the unanswered questions is whether ceramides form parts of the bacterial outer (OM) or inner 

membrane (IM) or of both these membranes. Indeed, SIM images of 10x expanded chlamydia 

demonstrated that NH2-ω-N3-C6-ceramides are efficiently incorporated into the IM and OM of 

intracellular Chlamydia (Figs. 4a,b). The high labeling efficiency in combination with the high 

spatial resolution of 10-20 nm of 10x expanded samples provided by SIM allowed us to resolve 

the IM and OM. We investigated three different infected cells and selected those bacteria 

whose orientation allowed us to visualize spatially separated OM and IM (i.e. frontal views of 

bacteria) and determine the distance between the two membranes to 27.6 ± 7.7 nm (s.d.) from 

23 cross sectional intensity profiles (Supplementary Figs. 22 and 23). This value is typical for 

the separation of OM and IM of gram-negative bacteria and in agreement with electron 

microscopy data40. Since the mechanism of bacterial membrane biogenesis from host-derived 

lipids is currently unknown, our findings of the ceramide incorporation in both bacterial 

membranes suggest an active process rather than only the fusion of lipid vesicles with the 

surface and exclusive integration into the outer membrane of Chlamydia.   

The high spatial resolution provided by sphingolipid ExM may also be used to study 

mechanisms of antibiotic resistance. Infections with multidrug-resistant gram-negative bacteria 

are difficult to treat because of the double membrane that is impermeable for most antibiotics41. 

Hence, being able to visualize the double membrane might promote the development of 

antibiotics with improved membrane permeability. Furthermore, sphingolipid ExM can also be 

used advantageously to investigate various ceramide pathways related to apoptosis, 

proliferation, cancer, inflammation, and neurodegeneration34,42.  
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Discussion 

ExM has facilitated super-resolution imaging of cells and tissues with standard fluorescence 

microscopes available in most research facilities, yet it has been limited to the expansion of 

proteins and nucleic acids due to the lack of primary amino groups in lipids. We have 

developed the double-functionalized sphingolipid NH2-ω-N3-C6-ceramide that incorporates 

efficiently into cellular and bacterial membranes and can be fixed, fluorescently labeled by click 

chemistry, and linked into polyelectrolyte hydrogels by GA treatment. The mechanism by which 

GA fixes and crosslinks amino-modified ceramides into hydrogels is less obvious but most 

probably associated with the existence of multimeric forms of GA containing aldehyde and 

alkene groups, which both can potentially be covalently linked to the acrylamide polymer9. 

Sphingolipid ExM allows for simultaneous super-resolution imaging of membranes and 

associated proteins in 4x and 10x expanded samples. In combination with SIM, sphingolipid 

ExM enables 10-20 nm spatial resolution, approaching that of electron microscopy and has 

allowed us to resolve details of sphingolipid-protein interactions. Such high spatial resolutions 

are difficult to achieve using pre-expansion immunolabeling with primary and secondary 

antibodies but feasible using small membrane incorporated ceramides that are linked into the 

polymer and fluorescently labeled with minimal linkage error. For clarification, pre-expansion 

immunolabeling introduces a linkage error of ~ 17.5 nm7, which translates into a linkage error 

of ~ 175 nm after 10x expansion. Such large linkage errors in expanded samples severely blur 

the underlying structure and impede super-resolution imaging with high spatial resolution. We 

hypothesize that our approach of introducing a primary amino group for fixation and linkage 

into acrylamide polymers by GA can be broadly used to enable ExM of other lipids and thus 

far inaccessible molecule classes including carbohydrates.  
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Materials and Methods 

Chemical Synthesis of α-Amino-ω-Azido-C6-Ceramide  

Starting from N-Boc-protected L-lysine (1) the introduction of the azide-functionality was 

accomplished via catalytic diazotransfer reaction to obtain azido-acid 2 in 85 % yield. For that, 

triflyl azide was prepared based on a method of Yan et al. with a reduced amount of highly 

toxic sodium azide and triflyl anhydride compared to previous protocols43. Subsequent amide 

coupling of 2 with sphingosine was performed in DMF under basic conditions using HATU as 

coupling reagent. The resulting Boc-protected azido-ceramide analogue 3 was isolated in 48 % 

yield. In the last step the amine group was deprotected by the treatment with TFA in 

dichloromethane. After basic workup, followed by column chromatography, the target ceramide 

analogue 4 was successfully isolated in 39% yield. Details on the experimental procedures 

can be found in the Supporting Information. All isolated compounds were characterized by a 

combination of HRMS, NMR and IR spectroscopy (Supplementary Figs. 1-13). 

Cell lines and bacteria  

Human HeLa229 cells (ATCC CCL-2.1tm) and human epithelial conjunctival cells (Chang) 

were cultured in 10 % (v/v) heat inactivated FBS (Sigma-Aldrich) RPMI1640 + GlutaMAXtm 

medium (Gibcotm) and were grown in a humidified atmosphere containing 5 % (v/v) CO2 at 37 

°C.  HeLa229 cells were used for infection with Chlamydia trachomatis and Simkania 

negevensis, Chang cells for infection with Neisseria gonorrhoeae. For this study, C. 

trachomatis serovar L2/434/Bu (ATCC VR-902Btm), S. negevensis and N. gonorrhoeae (strain 

MS11, derivative N927) were used. C. trachomatis and S. negevensis were cultivated as 

previously described8,28 .For this, the bacteria were propagated in HeLa229 cells at a 

multiplicity of infection (MOI) of 1 for 48 h for C. trachomatis and 72 h for S. negevensis. The 

cells were then detached and lysed using glass beads (3 mm, Roth). Low centrifugation 

supernatant (10 min at 2000 g at 4 °C for C. trachomatis and 10 minutes at 600 g at 4 °C for 

S. negevensis) was transferred to high speed centrifugation (30 min at 30.000 g at 4 °C for C. 

trachomatis and 30 min at 20.000 g at 4 °C for S. negevensis) to pellet the bacteria. Afterwards, 

the pellet was washed and resuspended in 1x SPG buffer (7.5 % sucrose, 0.052 % KH2PO4, 

0.122 % NaHPO4, 0.072 % L-glutamate). The resuspended bacteria were then stored at -80 

°C and titrated for an MOI of 1 for further experimentation. Infected cells were incubated in a 

humidified atmosphere with 5 % (v/v) CO2 at 35 °C. The cell lines as well as the Chlamydia 

used in this study were tested to be free of Mycoplasma via PCR. Neisseria were cultivated on 

gonococci (GC) agar (ThermoScientific, Waltham, USA) plates supplemented with 1 % vitamin 

mix at 37 °C and 5 % CO2 for 16 h. On the day of infection, liquid culture was performed in 

protease-peptone medium (PPM) supplemented with 1 % vitamin mix and 0.5 % sodium 

bicarbonate 8.4 % solution (PPM+) at 37 °C and 120 rpm. Gonococci were grown to an OD550 

3 RESULTS

169



0.4 to 0.6. Before infecting the cells, the medium of the liquid culture was changed to 4-(2-

Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES buffer) medium by centrifugation with 

4000 rpm for 5 min. After the indicated time of 4 h, the infection was stopped by washing the 

cells three times with Hepes medium. 

Click-Chemistry and Immunolabeling  

For immunostaining, cells were seeded on 15 mm coverslips. α-Amino-ω-Azido-C6-Ceramide, 

ω-Azido-C6-Ceramide, as well as ω-Azido-Sphingosine were fed with 10 µM final 

concentration for 1 h at 37 °C. For chlamydial infection, the cells were fed with ceramide-

analogues 23 h post infection and for infection with Simkania for 72 h and for neisserial 

infection, the cells were fed with the sphingosine analogue immediately before infection. 

Afterwards, the cells were fixed in 4 % PFA and 0.1 % GA for 15 min, washed 3x in 1xPBS 

and then permeabilized for 15 min in 0.2 % Triton X-100 in PBS. The cells were then washed 

again 3x in 1xPBS and then incubated with 5 µM DBCO-488 (Jena Bioscience, CLK-1278-1) 

at 37 °C for 30 min or 5 µM Click-IT Alexa Fluor® 488 DIBO alkyne dye (ThermoScientific, 

Waltham, USA) at 37 °C for 30 min. For staining with antibodies, the cells were washed, 

blocked using 2 % FCS in 1xPBS for 1 h and then incubated in primary antibody diluted in 

blocking buffer for 1 h in a humid chamber. The primary antibodies used in this study were: 

anti-HSP60 ms (Santa Cruz, sc-57840, dilution 1:200), anti-Neisseria gonorrhoeae primary 

antibody rb (US biological, dilution 1:200), anti-Prx3 (Origene, TA322470, dilution 1:100) and 

anti-CERT (Abcam, ab72536, 1:100). After that, the cells were washed 3x in 1xPBS and then 

incubated in the corresponding secondary antibody diluted in blocking buffer for 1 h and then 

washed 3x with 1xPBS. The secondary antibodies used were: ATTO 647N ms (Rockland, 610-

156-121S, dilution 1:200) and ATTO 647N rb (Sigma, 40839, dilution 1:200). 

mCling 

mCling (Biosyntan) was labeled using the following procedure23: 150 nmol mCling was 

incubated in 3 molar excess of ATTO 643-Maleimide (ATTO-TEC, AD 643-45) in 100 mM 

TCEP overnight at RT under continuous shaking. The label product was purified by HPLC 

(JASCO) and the concentration was determined using a UV-vis spectrophotometer (Jasco V-

650). Staining with mCling was performed by the incubation of living cells in 0.5 µM mCling 

dissolved in media for 10 min at 37°C. 

Expansion Microscopy 

Stained cells were treated according to Kunz et al.8 for 10 min with 0.25 % GA at RT and 

gelated after three washing steps. In case of 4x expansion a monomer solution consisting of 

8.625 % sodium acrylate (Sigma, 408220), 2.5 % acrylamide (Sigma, A9926), 0.15 % N,N‘-

methylenbisacrylamide (Sigma, A9926), 2 M NaCl (Sigma, S5886) and 1xPBS and 0.2 % 

freshly added ammonium persulfate (APS, Sigma, A3678) and tetramethylethylenediamine 
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(TEMED, Sigma, T7024) was used. Here gelation was performed for 1 h at RT followed by 

proteinase digestion. In case of 10x expansion 1 ml of the monomer solution containing 0.267 

g DMAA (Sigma, 274135) and 0.064 g sodium acrylate (Sigma, 408220) dissolved in 0.57 g 

ddH2O was degassed for 45 min on ice with nitrogen followed by the addition of 100 µl KPS 

(0.036 g/l, Sigma, 379824). After another 15 min of degassing and the addition of 4 µl TEMED 

per ml monomer solution, gelation was performed for 30 min at RT followed by an incubation 

of 1.5 h at 37 °C. Hereafter the samples were digested for 3 h – overnight in digestion buffer 

(50 mM Tris pH 8.0, 1 mM EDTA (Sigma, ED2P), 0.5 % Triton X-100 (Thermo Fisher, 28314) 

and 0.8 M guanidine HCl (Sigma, 50933)), supplied with 8 U/ml protease K (Thermo Fisher, 

AM2548) and for expansion of Neisseria additional 1 mg/ml Lysozyme according to Lim et 

al.44. Digested gels were expanded in hourly changed ddH2O until the expansion saturated. 

The expansion factor was determined by the gel size using calipers directly after gelation and 

by the gel size of the digested and expanded samples. We achieved experimental expansion 

factors of 4.1 for the 4x monomer solution and 10 for the 10x monomer solution, and the 

expansion factor remained constant for the used monomer solutions. Expanded and chopped 

gels were stored at 4°C in ddH2O immobilized prior to imaging on PDL-coated glass chambers 

(Merck, 734-2055). 

Confocal Microscopy and SIM 

Confocal imaging was performed on an inverted microscope (Zeiss LSM700) or on a Leica 

TCS SP5 confocal microscope (Leica Biosystems) and SIM-imaging on a Zeiss ELYRA S.1 

SR-SIM structured illumination platform using a 63x water-immersion objective (C-

Apochromat, 63x 1.2 NA, Zeiss, 441777-9970). Reconstruction of SIM-images was performed 

using the ZEN image-processing platform with a SIM module. Z-stacks were processed using 

Imaris 8.4.1 and FIJI 1.51n45. 

FRAP 

HeLa229 cells were seeded in an 8-well chambered high precision coverglass (Sarstedt 8-well 

on coverglass II) and incubated for 24 h at 37 °C and 5 % CO2. The cells were fed with 10 µM 

of the corresponding azido-ceramide analogue for 30 min in cell culture media. Afterwards, the 

cells were washed with HBSS with magnesium and calcium and fixed with 4 % formaldehyde 

and 0.1 % glutaraldehyde in HBSS for 15 min at room temperature and washed. Ceramides 

were labelled by strain-promoted alkyne-azide cycloaddition (SPAAC) with 10 µM DBCO-Alexa 

Fluor 488 in HBSS for 30 min at 37 °C and washed. FRAP-imaging was performed at a 

confocal laser scanning microscope (CLSM) LSM700 (Zeiss, Germany) using the Plan-

Apochromat 63x 1.4 oil objective. Using the 488 nm laser line as excitation, a time series with 

30 frames every 1.5 s was recorded. After three frames, a circular region of interest with 

diameter 1.8 µm was bleached and fluorescence recovery followed over time.  
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Figures 
 

 
Figure 1. Amino- and azido-functionalized sphingolipids enable fixation and 
fluorescence labeling of lipids. (a) Schematic overview of the synthesis of α-NH2-ω-N3-C6-
Ceramide (for synthesis details see Supporting Information). To investigate the mobility of 
membrane-incorporated functional sphingolipids HeLa229 cells were fed with 10 µM α-NH2-ω-
N3-C6-ceramide or ω-N3-C6-Ceramide, fixed, permeabilized and stained with DBCO-Alexa 
Fluor 488. (b) FRAP experiments with the two incorporated ceramide analogues. After three 
confocal fluorescence imaging frames, a circular region of interest with a diameter 1.8 µm was 
bleached and fluorescence recovery followed over time. The α-NH2-ω-N3-C6-ceramide (black) 
shows a lower mobility (mean mobile fraction of 22.2 %) than the ω-N3-C6-ceramide (red) 
lacking the primary amino group (mobile fraction of 48.1 %). (c) Confocal fluorescence images 
of fixed and labeled cells in the presence of increasing concentrations of the detergent Triton-
X100. With increasing Triton-X100 concentration ω-N3-C6-ceramide is efficiently washed out 
while the α-NH2-ω-N3-C6-ceramide signal remains preserved. Scale bars, 10 µm. 
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Figure 2. Sphingolipid ExM enables super-resolution imaging of cellular membranes 
and protein interactions. (a) Confocal fluorescence image of 4x expanded HeLa229 cells. 
Cells were fed with α-NH2-ω-N3-C6-ceramide, fixed, permeabilized, and labeled with DBCO-
Alexa Fluor 488 (green). In addition, Prx3 (magenta), which is located in the mitochondrial 
matrix was stained by immunolabeling using ATTO 647N labeled secondary antibodies. (b) 
Confocal fluorescence image of a 10x expanded HeLa229 cell fed with ATTO643-mCling (red) 
and α-NH2-ω-N3-C6-ceramide clicked with DBCO-Alexa Fluor 488 (green). Scale bars, 20 µm. 
The images at the bottom show magnified views of the regions outlined by the white boxes in 
the main images. Scale bars, 5 µm. 
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Figure 3. Sphingolipid ExM visualizes intracellular pathogens and their interactions with 
mitochondrial proteins. (a-c) Cells were infected with Simkania negevensis for 96 h, fed with 
α-NH2-ω-N3-C6-ceramide, fixed, permeabilized and stained with DBCO-Alexa Fluor 488 
(green), and then imaged. The images show different cells before expansion (a), after 4x 
expansion (b), and 10x expansion (c) recorded by confocal microscopy. (d-f) Cells were 
infected with Chlamydia trachomatis for 24 h, fed with α-NH2-ω-N3-C6-ceramide, fixed, 
permeabilized and stained with DBCO-Alexa Fluor 488 (green). Different cells were imaged 
before expansion (d), after 4x expansion (e), and 10x expansion (F) by confocal microscopy. 
In the unexpanded (d) and 4x expanded image (e) chlamydial HSP60 was immulabeled with 
ATTO647N secondary antibody (magenta). (g) The mitochondrial marker protein Prx3 was 
stained by immunolabeling with an ATTO 647N secondary antibody (magenta). The confocal 
fluorescence image of 10x expanded samples revealed a close contact between Chlamydia 
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and mitochondria at the inclusion membrane. (h) SIM images of 10x expanded samples 
uncover that some Prx3 molecule are inserted into the bacterial membrane. Scale bars, 5 µm 
(unexpanded images a,d), 10 µm (4x and 10x expanded images b,c,e,f,g,h), and 2 µm 
(magnified views in images g,h). 
 

 

 

 

 
 
Figure 4. 10x Sphingolipid ExM in combination with SIM resolves the distance between 
the OM and IM of gram-negative bacteria. HeLa229 cells infected with Chlamydia 
trachomatis for 24 h, fed with α-NH2-ω-N3-C6-ceramide, fixed, permeabilized and click-labeled 
with DBCO-Alexa Fluor 488 (green). Confocal (a) and SIM images (b) disclose that ceramides 
are incorporated into the OM and IM. Fitting intensity cross sectional profiles at different 
positions by a bimodal Gaussian fit resulted in a peak-to-peak distance of 27.6 ± 7.7 nm (s.d.) 
(Supplementary Figs. 22, 23). Scale bars 10 µm (a,b), 2 µm (white boxes). 
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4 Discussion

This thesis aimed to close the gap between the many labeling and imaging modalities

available for proteins in contrast to lipids. The discussion will be divided into three

parts, depending on the respective labeling procedure, which all have their advantages

and disadvantages. First, in section 4.1 the classical approach of immuno�uorescence will

be discussed. In the following section 4.2, I will give an overview of labeling sphingolipids

using click-chemistry. Finally, in section 4.3 the results obtained by exploiting the binding

characteristics of toxins will be discussed with regard to the literature.

4.1 Super-Resolution Microscopy of Sphingolipids with

Antibodies

One of the �rst methods, to tag cellular molecules of interst relies on the speci�c binding

characteristics of antibodies [90]. To date the classical approach of using primary and

secondary �uorophore coupled antibodies is still often used and the number of available

antibodies seems to be endless. In vivo, antibodies are generated by terminally di�eren-

tiated B cells, also known as plasma cells or plasmablast, that are part of our adaptive

immune system. Commercial antibodies come in many di�erent �avors and can be divided

into monoclonal versus polyclonal production. Production is initiated by injection of the

immunogen (immunization) into an appropriate animal, such as rabbit, goat, guinea pig,

rat, mouse, donkey or chicken. After several immunization events, to boost the amount

of polyclonal antibodies, they can be puri�ed from the blood serum and represent many

molecules from di�erent B cells. On the other side, monoclonal antibodies are generated

by a single B cell clone which is fused with a myeloma cell line in order to obtain an

immortalized B cell myeloma hybridoma. Monoclonal antibodies therefore recognize only

one speci�c antigen in contrast to polyclonal antibodies. Although uncontrolled produc-

tion of lipid reactive antibodies is hallmark of many auto immune diseases, such as APLS

[20] and multiple sclerosis (MS) [538], commercially available antibodies for immuno�uo-

rescence are rare. Recent work showed, that CD1 on the surface of antigen presenting cells

is able to bind di�erent kind of lipids, and initiate human T cell autoreactivity causing

di�erent autoimmune diseases [539, 540].

Since most commercial available ceramide antibodies are large pentameric immunoglobulin

M (IgM) molecules with an average weight of 990 kDa, I was interested in the use of

smaller IgG antibodies for super-resolution microscopy. In 2007, the group of Prof. Dr.

Erhard Bieberich (University of Kentucky, College of Medicine) described the develop-

ment and characterization of polyclonal anti-ceramide IgG antibodies generated by the

immunization of rabbits which outperformed a commercial IgM antibody under di�erent

tested conditions [188]. In contrast to the commercial available monoclonal IgM ceramide
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antibody (clone MID 15B4), the polyclonal IgG antibodies showed a more homogenous

cellular staining pattern [114] which is in agreement with previously published data [188].

Using conventional wide �eld microscopy and CLSM, individual di�raction limited CRPs

are visible which are distributed along the plasma membrane of di�erent cell lines and

showed no residual mobility after �xation with formaldehyde and glutaraldehyde. Since

several groups reported residual mobility of lipids and glycosylphosphatidylinositol (GPI)-

anchored proteins, even after long �xation times in the presence of formaldehyde and

glutaraldehyde [199, 200], I also tested di�erent �xation conditions and did not observe

any signi�cant changes in CRP morphology nor mobility. Interestingly, there were several

smaller CRPs within one di�raction limited ceramide �uorescence cluster with individual

diameter of about ≈ 75 nm. The diameter was a robust value among all tested di�erent

cell lines at the basal and apical side of the cell. The results indicate that we developed

a robust protocol for sub-di�raction quanti�cation and visualization of ceramides using

IgG antibodies.

I applied this protocol to study CRP rearrangements in the context of Neisseria menin-

gitidis infection of host human brain microvascular endothelial cells (HBMECs). It is

reported that several bacterial species are able to modulate host cell ceramide production

and subsequently use CRPs to enter the cell [541]. In this context, acid sphingomyeli-

nase (ASM) is a key enzyme involved in the local production of ceramides at the plasma

membrane. Under physiological condition the ASM is localized at the lysosomes responsi-

ble for permanent turnover of sphingomyelin to ceramide. ASM dysfunction leads to the

human lysosomal storage disorder Niemann-Pick disease characterized by uncontrolled ac-

cumulation of sphingomyelin. The gram-negative bacterium Neisseria meningitidis uses

special extension, called type IV pili, to move, adhere and trespass the blood brain barrier

[542]. Therefore, the �rst interaction of the bacteria with HBMECs is mediated via their

type IV pili and subsequently ASM is activated to locally generate ceramides at the outer

lea�et of the cells [177]. It was not clear, whether the interaction of type IV pili with the

host cells is su�cient to stimulate ceramide display at the target cell. For this reason, pili

enriched fractions of Neisseria meningitidis were puri�ed and incubated with HBMEC

followed by dSTORM with the previously described protocol. I could indeed observe a

dose-dependent increase in the number of CRPs upon pili enriched fraction incubation,

suggesting that the interaction is su�cient for host cell ceramide generation. Interest-

ingly, I did not observe great di�erences in size or morphological appearance which is

in good agreement and comparable with exogenous treatment by Bacillus cereus sphin-

gomyelinase [110] and indicates activation of cellular ASM. In summary, I was able to

develop a robust labeling protocol based on IgG binding characteristics which is suited for

SMLM and can be used to address biological questions, such as the interaction of human

cells with pathogens. Next, I aimed to decrease the linkage error which is introduced by

labeling with both, primary and secondary antibodies, and can displace the �uorophores
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tens of nanometers away from the structure of interest.

4.2 Super-Resolution Microscopy of Sphingolipids with

Click-Chemistry

Application of click-chemistry certainly results in one of the smallest possible linkage er-

rors. Here, direct covalent attachment of a �uorophore of choice to a target structure is

achieved by introduction of bioorthogonal reactive groups. As discussed in section 1.2.2, I

used mainly the SPAAC reaction with a combination of DBCO moiety at the �uorophore

and azide group at the sphingolipid. The distance of the resulting stable triazole complex

is less than 1 nm which is su�cient and neglectable for most super-resolution imaging

techniques.

Several α- and ω-azide-functionalized ceramide analogs were synthesized from the group

of Prof. Dr. Jürgen Seibel (Institute for Organic Chemistry, Würzburg) with fatty acid

chain length of either C6 or C16. I fed di�erent cell lines with these analogs and after ad-

dition of DBCO modi�ed dyes the localization could be readily visualized. But in contrast

to the antibody labeling approach, these lipid derivates were hardly prone to chemical

�xation procedures and showed considerable residual mobility. Additionally, they adhered

very e�ciently onto the glass surface despite extensive testing of di�erent coatings which

hampered characterization by dSTORM. For this reason, I started to evaluate their in-

corporation e�ciency as well as their plasma membrane orientation in living Jurkat cells

by CLSM and �uorescence anisotropy measurements.

When ceramide analogs were clicked with the membrane impermeable dye DBCO-Sulfo-

Cy5, before incubated with cells (pre-clicked), a strong signal in the plasma membrane

was observed indicating good incorporation e�ciency. Interestingly, when the click reac-

tion was performed after incorporation into the cells (post-clicked) the analogs with longer

fatty acid side chain length C16 showed much less signal intensity. Especially, the signal

of the α modi�ed variant was as low as for the control cells which were only incubated

with the DBCO-Sulfo-Cy5 dye. Assuming similar reaction kinetics between the di�erent

analogs and the clickable dye I came to the conclusion that the azide group of the C16

ceramides is stuck deeper within the plasma membrane and inaccessible for the dye. To

con�rm this hypothesis, I also performed ensemble �uorescence anisotropy experiments of

labeled Jurkat cells in a cuvette. I assumed, that azide groups residing deeper within the

plasma membrane will also cause higher �uorescence anisotropy values since the rotational

mobility of the dye will be limited by interactions with the hydrophobic core of the lipid

bilayer. Indeed, the longer pre-clicked C16 azide-modi�ed sphingolipid analogs showed

higher �uorescence anisotropy values indicating that the azide group and the dye after

click reaction is localized closer to the plasma membrane bilayer. Since the �uorescence
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signal was low for post-clicked C16 molecules we only interpreted data obtained from ex-

periments with pre-clicked lipids. Of note, the C6 chained analog with azide group at the

α position exhibited higher �uorescence anisotropy values as the one with ω-con�guration.

Accordingly, �uorophores at the end of the short C6 alkyl chain are able to �ip out of the

membrane whereas, when localized at the head group or at the end of longer alkyl chains,

are trapped in the plasma membrane. It seems, that there is a certain threshold where the

increase in hydrophobicity of longer fatty acyl chains overcomes the hydrophilic nature

of charged dye molecules to localize within the polar water environment outside of the

membrane. Considering the coexistence of liquid ordered (Lo) and liquid disordered (Ld)

phase within lipid membranes, our results also �t into the contemporary understanding of

plasma membrane organization. That is, the ceramide analogs with longer saturated side

chains should partition preferentially into the Lo domain which is thicker, highly ordered,

more viscous and enriched in cholesterol. In contrast, the short chained analogs should

partition into the Ld phase which is characterized by irregular packing, the presence of

kinks, unhindered lateral mobility and decreased Van der Waals interactions. Therefore,

it seems plausible that the extracellular clickable dye molecules may penetrate deeper into

the membrane of Ld phase and react more easily with the azide groups of short chained

or poly-unsaturated lipids. Subsequently, the hydrophilic dye molecul may overcome the

lower hydrophobic interactions and �ip out of the membrane. In summary, I was able to

characterize the localization and accessibility of clickable ceramide analogs in the cellular

context and devloped a protocol to investigate their interaction with the plasma mem-

brane.

Major drawbacks of the clickable sphingolipid analogs were their resistance to chemical �x-

ation and strong adherence with the glass surface which made super-resolution microscopy

by dSTORM challenging. For this reason, we sought to synthesize new azide-modi�ed

variants which are susceptible to chemical aldehyde-based �xation methods. Classical im-

munocytochemistry starts with �xation of cells by aldehyde containing crosslinkers such

as paraformaldehyde or glutaraldehyde. Besides, alcohol based �xatives, oxidizing agents

and a metallic group of �xatives can be used to "freeze" and immobilize biological samples

[543]. Concentrated formaldehyde in solution will spontaneously react with itself via con-

densation to form water-insoluble paraformaldehyde polymers. Therefore, commercially

available formaldehyde solutions are often stabilzed by the addition of methanol. Ad-

ditionally, paraformaldehyde can be depolymerized to formaldehyde by heating. When

diluted, formaldehyde predominantly exists in its monohydrate form which is methy-

lene glycol [544]. Methylene glycol preferentially reacts with the amino acid side chains

of lysine, arginine, cysteine and histidine but is also able to react with the hydroxyl

groups of serine, threonine and tyrosine to form reactive hydroxymethyl side chains [545].

Subsequently, these reactive groups may combine to form stable methylene bridges and

crosslink the proteins. Glutaraldehyde works in a similar manner, but since it is a bifunc-
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tional aledehyde it exhibits stronger crosslinking capability. Moreover, glutaraldehyde

crosslinking is faster but can introduce substantial background �uorescence which can be

reduced by sodium borohydride treatment [546]. Since many lipids do not contain free

amino groups they are not accessible for �xation, but it was reported that phospholipids

with amine groups can be �xed by glutaraldehyde [547]. For this reason, we designed a

α-amino-ω-azido-C6-ceramide, since its amine-free variant showed good membrane incor-

poration and labeling e�ciency. Residual mobility after di�erent �xation procedures was

compared between these two ceramide analogs by �uorescence recovery after photobleach-

ing (FRAP). Indeed, the mobile fractions of all tested conditions were decreased in the

α-amino-ω-azido-C6-ceramide, indicating improved chemical �xation by treatment with

a combination of formaldehyde and glutaraldehyde. Advantageously, targeting the amino

group by aldehyde-based crosslinkers or N-hydroxysuccinimide esthers (NHSs) enabled

its usage for expansion microscopy where the target of interest is linked into a hydrogel.

Subsequently, the sample is isotropically physically expanded by the addition of water and

structures previously inaccessible due to the di�raction limit of light can be visualized by

convential microscopy [505]. Besides several other factors, the quality is dependent on

the covalent linkage of the target structure into the hydrogel and the label density. The

linkage can be achieved by introducing polymer-linkable groups such as methacryloyls but

also to a certain amount by glutaraldehyde �xation [511]. We could use this new ceramide

analog to label e�cently eukaryotic and prokaryotic cells and expand them several fold

by expansion microscopy.

Finally, I investigated the antibacterial e�ect of sphingolipids and the previously described

azide-modi�ed analogs. It was shown, that sphingolipids exert a detrimental e�ect on

the growth of fungi, microalgae and di�erent Gram-positive and negative bacteria [280�

284] although the mechanism is not fully understood. We observed antibacterial activity

against Neisseria meningitidis and Neisseria gonorrhoeae exerted by sphingosine, short-

chain C6 ceramide and ω-azido-C6-ceramide. Interestingly, changing the localization of

the azide group from the ω to the α position alleviated the antibacterial e�ects. Assuming

that the ω-azide group of the C6 ceramide is also able to �ip out of the membrane, as

observed for Jurkat cells, it might mediate bactericidal e�ects at the membrane whereas

it may be shielded in the plasma membrane when localized at the α position. Unfor-

tunately, I was not able to discriminate whether the ceramides incorporated into both,

the outer and inner membrane, of Neisseria meningitidis. Moreover, immobilization by

chemical aldehyde-based �xation of amine-free ceramide analogs was possible in Neis-

seria meningitidis in contrast to mammalian cells. Thus, exogenously added ceramides

probably interact with an unknown bacterial molecule which enables their immobilization

through �xation. It might also be possible, that the ceramides stick within the mesh-like

peptidoglycan layer of the bacteria which is rich in sugars and amino acids. It is formed

by two alternating amino sugars, N-acetylglucosamine (GlcNAc) and N-acetylmuramic
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acid (MurNAc), and each MurNAc is attached to a tetrapeptide consisting of the amino

acids L-alanine, D-glutamic acid, meso-diaminopimelic acid and D-alanine. Such, this

structure is rich in amide bonds and hydroxyl groups which could be modi�ed by aldehyde-

based �xation and which could trap adjacent sphingolipid molecules. As a result, I was

able to perform dSTORM of DBCO-Sulfo-Cy5 clicked ceramide analogs and investigate

their distribution within Neisseria meningitidis.

4.3 Super-Resolution Microscopy of Sphingolipids with Toxins

In nature, many di�erent toxins evolved with speci�c binding properties and mode of

action. Of particular importance, lipid-binding toxins can be coupled to stable organic

dyes and used as reporters or detected via an additional toxin-speci�c antibody. This

approach has several advantages as compared to antibody labeling or the use of click-

able lipid analogs. On the one hand, many toxins are much smaller than IgGs and can

be genetically encoded and fused to �uorescent proteins or small tags to visualize their

binding partners even in living cells. Structural insights allow to get rid of unnecessary

or even toxic parts and to use only the lipid-binding domain. On the other hand, they

can be used to detect endogenous molecules without the need for exogenous addition of

lipid derivatives which might perturb cellular signaling. For labeling of sphingolipids or

cholesterol the following toxins are described:

� Cholera toxin: Cholera toxin belongs to the class of AB5 toxins which consists of

�ve B subunits (MW ≈ 12 kDa) and one A subunit (MW ≈ 27 kDa). The ≈ 87 kDa

holotoxin is expressed by the Gram-negative bacterium Vibrio cholerae and causes

characteristic watery diarrhea during cholera infection. Seven cholera pandemics are

reported for the last 200 years which were responsible for large numbers of deaths

[548]. The monomeric A subunit is responsible for the toxic e�ects by activating

adenylate cyclases and the stable pentameric cholera toxin B subunits (CTxBs) for

binding to cellular monosialotetrahexosylganglioside (GM1) [549]. Since the A and

B subunits are structurally independent it is possible to exploit the binding charac-

teristics of the non-toxic CTxBs to detect GM1. Each B subunit exhibits 8 lysine

residues which enables e�cient conjugation by NHS-modi�ed dyes although com-

mercial biotin and his tagged variants are available. Pentameric CTxB may bind up

to �ve GM1 molecules and cause one of the strongest known protein-carbohydrate

interactions [395]. Of note, CTxB can also bind to blood group antigens on glyco-

proteins or glycolipids such as LewisX [550, 551] and other gangliosides [395] with

lower a�nity.

� Shiga toxin: Shiga toxin belongs to the class of AB5 toxins which consists of �ve

B subunits (MW ≈ 7.7 kDa, 69 amino acids) and one A subunit (MW ≈ 30 kDa,

293 amino acids). The ≈ 70 kDa holotoxin is expressed by the Gram-negative
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bacterium Shigella dysenteriae and causes dysentery during Shigella infection. It

is one of the most potent bacterial toxins and the toxic e�ect is mediated by the

A subunit which stops protein synthesis at the eukaryotic ribosomes. Binding and

uptake is mediated by the pentameric shiga toxin B subunit (STxB) which binds

to the sphingolipid Gb3. Shiga toxins are also produced by some Escherichia coli

serogroups which are now classi�ed into subtype Shiga toxin 2a [552]. Interestingly,

the subtypes also show di�erent binding a�nities, for example Shiga toxin 2e binds

preferentially to globotetrahexosylceramide (Gb4) even in the presence of Gb3 [553,

554]. Althoug STxBs bind to the sugar moiety, the binding a�nity also depends on

the fatty acid chain length, degree of saturation and the presence of cholesterol [391,

414, 555]. STxB contains up to three potential Gb3 binding sites per subunit which

would allow to bind 18 molecules per pentamer. The polyvalent binding of STxB

can induce tubular membrane invaginations which increase its uptake [556]. Each

B subunit exhibits 5 lysine residues which enables e�cient conjugation by NHS-

modi�ed dyes in addition to the commercially available antibodies and his tagged

variants. Of note, Gb3 also represents the PK substance and Gb4 the P substance

in the blood group P system [59, 557] which are detected by STxB in platelets [558]

and erythrocytes [559].

� Lysenin: Lysenin is composed of 297 amino acids resulting in a 33 kDa pore-

forming toxin found in the earthworm Eisenia fetida and binds to sphingomyelin

[560]. The monomer consists of an N-terminal pore-forming domain and a C-

terminal β-trefoil lectin type domain responsible for interaction with sphingomyelin.

In contact with sphingomyelin-rich membranes lysenin forms a cytotoxic nonameric

pore through the plasma membrane with an inner diameter of ≈ 2nm [561]. Lys-

enin can be used to label sphingomyelin in �xed cells by immuno�uorescence [562]

and Alexa 647-conjugated lysenin enabled dSTORM of sphingomyelin-rich domains

[563]. In particular, the group of Toshihide Kobayashi characterized a non-toxic

truncated version [564] consisting only of the C-terminal binding domain (≈ 16 kDa,

amino acids 161-297) for super-resolution microscopy [116, 563].

� Equinatoxin II: Equinatoxin II is a ≈ 20 kDa pore-forming toxin found in tentacle

extract of the sea anemone Actinia equina which binds to sphingomyelin [565]. It

is a potent hemolytic toxin which causes death within 5 minutes in mice at a lethal

dose 50% (LD50) of 23 − 83 µg
kg

[566]. In membranes, 3 - 4 monomers oligomerize to

form a cation-selective pore with inner diameter of ≈ 2nm. When fused with GFP,

intracellular sphingomyelin distribution can be followed in living cells [567] although

it preferentially binds to sphingomyelin in the Ld phase in contrast to lysenin which

labels clustered sphingomyelin [568].

� Ostreolysin A: Ostreolysin A is a ≈ 15 kDa pore-forming toxin found in the
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edible oyster mushroom Pleurotus ostreatus. Interestingly, wildtype ostreolysin A

detects sphingomyelin only in the presence of cholesterol [569] but a point mutation

(E69A) has been described which can bind sphingomyelin independent of choles-

terol [570]. Fusions with the �uorescent protein mCherry were puri�ed and used

for labeling [571] or the protein was conjugated to stable organic �uorophores to

visualize endogenous sphingomyelin in cells [29]. In contrast to perfringolysin O D4

and anthrolysin O D4 it can detect sphingomyelin-sequestered cholesterol below a

threshold of ≈ 30mol% of total plasma membrane lipids [570].

� Perfringolysin O: Perfringolysin O (θ toxin) is a ≈ 53 kDa pore-forming toxin

secreted by the anaerobic Gram-positive bacterium Clostridium perfringens which

binds to cellular cholsterol. It consists of 4 domains (D1-D4) and domain D4 is re-

sponsible for cholesterol recognition and binding [572, 573]. Wildtype toxin induces

membrane permeabilization at 37◦C and 4◦C but a less toxic version for labeling at

4◦C has been described with mutations Y181A and C459A [574, 575]. Nevertheless,

non-toxic domain D4 with a size of ≈ 13 kDa is su�cient to bind cholesterol and can

be used as a helpful tool for �uorescence microscopy [116, 563, 576]. Perfringolysin

cannot detect inaccessible cholesterol below a threshold level of ≈ 30mol% of total

plasma membrane lipids. Above ≈ 30mol% cholesterol becomes accessible [29].

� Anthrolysin O: Anthrolysin O shares high homology (87%) and identity (74%)

with perfringolysin O [577] and is a ≈ 53 kDa pore-forming toxin secreted by

the Gram-positive bacterium Bacillus anthracis which binds to cellular cholesterol.

Again, non-toxic domain D4 can be used as probe to follow cellular cholesterol distri-

bution [29, 578]. It can be used in combination with ostreolysin A to simultaneously

visualize free and sphingomyelin-sequestered cholesterol, respectively, in living cells

[29, 579].

� Filipin III: Filipin (MW = 654.8 g
mol

) is a cholesterol-binding polyene macrolide

antibiotic �rst isolated from the Gram-positive bacterium Streptomyces �lipinensis

found in the soil on the Philippines [580]. Filipin is a mixture of 4 di�erent com-

ponents Filipin I - IV which all are �uorescent and show characteristic absorption

peaks at 322, 338, and 355 nm. It is routinely used to detect cholesterol in �xed

cells, for example in the diagnosis of the sphingolipidose Niemann-Pick type C dis-

ease [581, 582]. Nevertheless, it is prone to photobleaching and perturbs plasma

membranes probably through permeabilization which impedes its application for

live-cell experiments.

� Theonellamide A: Theonellamides are 3β-sterol-binding cytotoxic bicyclic dode-

capeptides found in the marine sponge Theonella swinhoei. Interestingly, the pep-

tide is not produced by the sponge itself but rather by its �lamentous, multicellular
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symbiont "Candidatus Entotheonella serta" [583]. Theonellamides show antifungal

activity caused by interactions with ergosterol [584].

I used the speci�c binding characteristics of STxB and CTxB to investigate the frequency

and distribution of Gb3 and GM1, respectively, by dSTORM in the context of Neisseria

meningitidis infection. First, I developed robust protocols for conjugation of the toxins

with organic dyes, �xation and labeling of cells. Then, I analyzed the nanoscale plasma

membrane distribution before and during infection of HBMECs with Neisseria meningi-

tidis. Before infection, both sphingolipids were distributed homogenously within the basal

plasma membrane but showed opposite cell-cycle dependent expression with upregulation

of Gb3 in G2/M and GM1 in G0/G1 phase. Upon infection, distinct accumulation of

CTxB-positive gangliosides could be observed around adhesive meningococci but no en-

richment of STxB-positive globosides. Moreover, cell-cycle arrest of HBMECs in G1 phase

by serum starvation 24 h before the experiment substantially increased the amount of GM1

on the cell surface accompanied by an increased number of invasive bacteria. If accessible

GM1 epitopes were blocked by pretreatment with CTxB, the increase in invasive bacteria

was abolished. For this reason, I concluded that gangliosides on host cells could represent

important molecules for the entry of human pathogens, such as Neisseria meningitidis.

4.4 Outlook

Based on the discussed three di�erent labeling methods, I was able to visualize and

quanti�y cellular sphingolipid domains below the di�raction limit of light. Nevertheless,

each method has its distinct pros and cons which are illustrated in the following Table 2:

Antibody

Labeling

Click

Chemistry

Toxin

Labeling

Linkage Error - + 0
Endogenous Labeling + - +
Binding Induced Clustering - + -
Live Cell - + 0
Background on Glass 0 - +
SMLM Compatibility + 0 +
Chemical Fixation + 0 +

Table 2: Pros and cons of the three labeling techniques used in this work to visualize and
quantify sphingolipids by super-resolution microscopy. The performance of di�erent paramters
of each method was classi�ed into one of three categories. Descending from good to bad:
green(+) > yellow(0) > red(-).

I would like to give an outlook, how future directions could improve the bottlenecks of

each method. For practical reasons, I will �rst discuss antibody labeling and toxin labeling

simultaneously, since both technqiues fall into the category of peptide-based labeling tech-

niques. As introduced in section 1.2.1, the development and improvement of nanobody-

based technologies will decrease the linkage error of antibody labeling step-by-step (see
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Figure 7). In addition, the size of an antibody can be reduced to the antigen-binding frag-

ments by cleavage with pepsin and/or papain to generate (F(ab)2) or (Fab), respectively.

In a similar way, the size of many toxins could be reduced to their non-toxic binding

domain which also will reduce the displacement of the �uorophores from the target site.

These approaches will also help to reduce binding induced clustering, since polyvalent

binding events are shifted to monovalent binding events. Structure-guided protein re�ne-

ment was already successfull for some toxins and allows to use them even for live-cell

imaging [29, 574, 575, 579]. Especially in the light of emerging tools to facilitate tran-

sit through the plasma membrane, such as peptide vehicles [585] or protein transfection

methods, these new tools could also be used to label intracellular targets.

One of the major drawbacks when using clickable sphingolipid analogs is the fact, that

they have to be added exogenously to the cells. This will shift the physiological lipid

homeostasis and could in�uence signaling cascades leading to arti�cial readout. For this

reason, a combination of metabolic labeling and click-chemistry would be of interest. In

this scenario, clickable sphingolipid precursors are added to the cells and metabolized from

the native cellular enzymes to generate a plethora of complex sphingolipids which can be

localized via conjugation to a clickable dye. Unfortunately, by using only �uorescence

microscopy the species information would be lost and therefore this approach should

be coupled with mass spectrometry to identify the actual sphingolipid composition. Of

note, several groups already showed the feasability of this approach albeit only for a

small subset of metabolites [586�588]. Another issue with the clickable probes is their

strong glass interaction which generates high background signal and complicates analysis

by total internal re�ection �uorescence (TIRF) microscopy. Although I tested several

di�erent coatings (lysine, glycine, DBCO-amine, bovine serum albumin (BSA)) which

did not reduce the non-speci�c signal on the glass there might be a coating procedure for

that purpose. In particular, expansion microscopy proved to be a promising way since

the expansion process drastically reduced background and imaging is not restricted to the

glass surface. Another challenge represents the chemical �xation of clickable sphingolipid

analogs which was already discussed in section 4.2. Here, introduction of a primary amine

improved the immobilization of lipids and enabled their use for expansion microscopy.

Another approach is the introduction of photo-crosslinkable groups, such as diazirines.

Upon irradiation with UV-light they form highly reactive carbene species which covalently

react with nearby molecules. These probes are widely used in photoreactive crosslinking

experiments to identify proximal interaction partners of receptors [589]. Indeed, I also

tested a diazirine- and azide-modi�ed ceramide analog (bifunctional ceramide) for its

suitability in super-resolution microscopy. The following Figure 10 shows an example

dSTORM image of Jurkat cells incubated with this analog:
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Figure 10: dSTORM of Jurkat cells incubated with an UV-crosslinkable diazirine- and azide-
modi�ed ceramide. Following ceramide incubation cells were �xed at room temperature with
formaldehyde and glutaraldehyde and simultaneously irradiated with 350 nm UV-light to en-
able e�cient crosslinking. Subsequently, cells were clicked with the membrane impermeable
dye DBCO-Sulfo-Cy5 and analyzed by dSTORM. Reconstruction was performed with Thun-
derSTORM [412] from a raw movie of 40 000 images with 20ms exposure time. Left image
shows an overview with scalebar 5µm and right image an enlargement of the magenta boxed
region with scalebar 3µm. Distinct plasma membrane accumulation could be observed enabling
visualization of �ne plasma membrane protrusions.

Of note, the bifunctional ceramide showed less signal as compared with the azido-modi�ed

ceramide analogs. This might be due to the kink introduced by the diazirine group at the

C4-position at the end of a short C5 fatty acid side chain. I also adapted the protocol to

reduce background on the glass surface by feeding Jurkat cells in a tube. This allowed

us, to wash them thoroughly by centrifugation steps before they attached to the glass

surface which drastically reduced background signal on the glass surface. Moreover, this

probe was completely immobilized after �xation as analyzed by FRAP (data not shown)

and we believe it might also be a convenient probe for expansion microscopy.

In summary, I was able to use all three labeling procedures to characterize and visualize

sphingolipid nanodomains in the plasma membrane of di�erent cell lines. I highlighted

their pros and cons and showed ways how to avoid common bottlenecks of each technique.

These results and techniques will help to understand the complex nature of biological

membranes and their nanoscale interaction with proteins.
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