
Characterization of two types of prostasomes 
with distinct molecular compositions

Marian Aalberts



Marian Aalberts, 2012

Cover art: Mirthe Langelaan
Cover design: Mirthe Langelaan and Marian Aalberts
Layout: Marian Aalberts

Printed by Wöhrmann Print Service, Zutphen, The Netherlands
Printing of this thesis was financially supported by the J.E. Jurriaanse Stichting and the 
department of Biochemistry and Cell Biology of the Faculty of Veterinary Medicine, Utrecht 
University.

Paranymphs: Els van der Vlist and Anke Jolink



Characterization of two types of prostasomes 
with distinct molecular compositions

Karakterisatie van twee typen prostasomen 
met een verschillende moleculaire samenstelling

(met een samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan de Universiteit Utrecht 
op gezag van de rector magnificus, prof. dr. G.J. van der Zwaan, 

ingevolge het besluit van het college voor promoties 
in het openbaar te verdedigen 

op dinsdag 4 september 2012 des middags te 12.45 uur

door

Marian Aalberts

geboren op 27 maart 1979 te Doetinchem



Promotoren:

 Prof. dr. W. Stoorvogel

 Prof. dr. T.A.E. Stout



Contents

1 General introduction 7

2 The roles of the epididymis and prostasomes in the attainment of 
fertilizing capacity by stallion sperm

45

3 Identification of distinct populations of prostasomes that 
differentially express prostate stem cell antigen, annexin A1, and 
GLIPR2 in humans

63

4 Distinct lipid compositions of two types of human prostasomes 85

5 RNA in human prostasomes is highly enriched in alternatively 
processed tRNA

105

6 Stallion spermatozoa recruit prostasomes in response to 
capacitation induction

131

7 Summarizing discussion 155

Nederlandse samenvatting voor niet-ingewijden 167

List of publications 175

Dankwoord 179

Curriculum Vitae 185

 





1
General introduction



Chapter 1

8

The male reproductive tract

The major function of male reproductive organs is to produce and support the production 
of sufficient numbers of high quality sperm cells, containing a haploid complement of 
paternal chromosomes. In mammals, sperm cells are generated in the testis and delivered 
to the female reproductive tract, where they undergo a final series of maturation processes 
to acquire fertilizing capacity in preparation for their potential interaction with an oocyte.

In the seminiferous tubules of the testes, spermatogonia undergo a series of mitotic 
and meiotic cell divisions to generate haploid spermatids [1, 2]. During spermiogenesis, the 
initially round spermatids transform into elongated spermatids with a compact head and a 
tail. These cells dispose of redundant organelles and gradually elongate further, resulting 
in sperm cells that are composed of characteristic head and tail domains (Figure 1). The 
head contains the nucleus, with the paternal chromosomes, and the acrosome covering 
its anterior pole. The acrosome is a secretory organelle that is designed to release its 
content only when the sperm has contacted the zona pellucida, the glycoprotein layer that 
surrounds the plasma membrane of an oocyte. The enzymes released from the acrosomal 
cap then allow the sperm cell to penetrate the zona pellucida. The tail of the sperm cell, or 
flagellum, is composed of a midpiece, holding hundreds of tightly packed energy generating 
mitochondria, the principal piece and the end piece.

From the seminiferous tubules, the sperm cells are transported via a system of efferent 
ducts to the epididymis and then through the ductus deferens, in which several accessory 
sex glands discharge their secretions (Figure 2). The epididymis is a long tubular structure 
that can be anatomically divided into three regions, the caput, corpus and cauda [3]. The 
major functions of the epididymis are to enable and promote sperm maturation, to absorb 
testicular fluids and to secrete alleged decapacitating factors, which coat the sperm cell 
surface to prevent its premature activation [4], and finally to store mature sperm cells 
until ejaculation. Furthermore, the epididymis secretes both soluble proteins and 40-500 
nm membrane vesicles, the so-called epididymosomes, which transfer proteins to the 
passing sperm cells, thereby modulating their capacity for both motility and fertilization. 
Epididymosomes will be discussed later in this chapter, and in the following chapter. From 
the epididymis, sperm cells are transported through the ductus deferens, to the ampulla, 
which is the dilated terminal segment of the distal ductus deferens and serves as an 
additional short-term sperm reservoir in many mammals, but not in man [5]. Depending 
on the species, spermatozoa may be stored from a few days up to several weeks in the 
cauda epididymides [3]. In the absence of ejaculation, spermatozoa normally ‘leak’ into the 
ductus deferens and are eventually washed away with the urine.

The seminal vesicles are sac-like accessory sex glands that produce 50-80% of the 
seminal volume, which they secrete into the seminal colliculus, the point in the prostatic 
urethra where the ductus deferens also discharge their contents. Seminal vesicle secretory 
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products include prostaglandins, fructose (which is a major nutrient for sperm cells) and 
semenogelin I, one of the components responsible for semen coagulum after ejaculation 
[6, 7]. The left and right ductus deferentes terminate in the prostatic urethra, the section 
of the urethra just caudal to the urinary bladder that is surrounded by the prostate gland. 
The human prostate gland is composed of three glandular parts: a peripheral zone (~70% 
of the glandular tissue), a central zone (~25%) and a transitional zone (~5%) (Figure 3). The 
prostate epithelium is pseudostratified, composed of columnar epithelial cells alternating 
with basal cells. Prostatic fluid accounts for 20-30% of the seminal volume and is discharged 

Figure 1. Mature sperm cell.
Schematic view of a mature sperm cell. The sperm cell head consists of the nucleus (light purple) and 
the acrosome (dark purple). The midpiece contains hundreds of mitochondria (pink). Figure is copied 
with permission from Wheater’s Functional Histology (2000), Young B, Heath JW (Elsevier). 

Figure 2. The male reproductive system.
Schematic sagittal view of the male reproductive organs. Figure is copied with permission from 
Wheater’s Functional Histology (2000), Young B, Heath JW (Elsevier). 
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into the prostatic urethra and, among other constituents, contains high concentrations of 
citric acid and zinc, as well as specific proteases. Two of the major proteases are prostate 
acid phosphatase (PAP) and prostate specific antigen (PSA) [8, 9]. The major function of 
PSA is to liquefy the semen coagulum, although PSA is now better known as a biomarker 
for prostate cancer [10]. The prostate also produces small membrane vesicles called 
prostasomes, which are the topic of this thesis and will be extensively described in following 
sections of this chapter. Finally, the bulbourethral glands, also known as Cowper’s glands, 
secrete into the urethra at the base of the penis. This secretion is known as pre-ejaculatory 
fluid and accounts for 2-5% of the total human ejaculate. It contains glycoproteins that 
lubricate the urethra for spermatozoal passage and neutralize the pH of the acidic vaginal 
secretions and any residual urine in the urethra [11].

When sperm cells are deposited in the female reproductive tract, they are mature but 
not yet completely primed for fertilization. In order to acquire fertilizing capacity, they first 
need to capacitate. Capacitation involves a complex series of modifications (reviewed by [12, 
13]). During this process, sperm cells obtain the capacity to bind to the zona pellucida of the 
oocyte, are primed to undergo the acrosome reaction, and acquire hyperactive motility and 
the potential to fuse with the oocyte plasma membrane. In vitro, sperm cell capacitation can 
be initiated by the presence of extracellular bicarbonate, Ca2+ and a cholesterol acceptor, 
for example albumin. Bicarbonate rapidly (within minutes) activates adenylate cyclases, 
which produce cyclic AMP (cAMP) [14]. Sperm cells contain several membrane associated 
adenylyl cyclases (mACs) [15], and a soluble adenylyl cyclase (sAC).  sAC is mainly expressed 
in the testis, and is both Ca2+- and bicarbonate-dependent [16, 17]. Male sAC knock-out 
mice are infertile due to sperm motility defects [18]. In contrast to sAC, mACs are not 
bicarbonate- or Ca2+-dependent, but are instead regulated by G protein-coupled receptors, 
including adenosine, calcitonin, adrenergic and odorant receptors [19-22]. cAMP produced 
by adenylyl cyclases activates protein kinase A (PKA) [23], which is  a central activator of 
several processes in the sperm cell, including tyrosine phosphorylation of multiple target 
proteins and a structural reorganisation of plasma membrane lipids and proteins [13].

Under capacitating conditions, tyrosine phosphorylation of sperm proteins is a process 
that may take several hours. PKA is a serine/threonine kinase and thus not able to directly 
phosphorylate proteins on tyrosine residues; its action probably involves stimulation of 
tyrosine kinases, inhibition of phosphotyrosine phosphatases, and phosphorylation of other 
residues that make proteins more sensitive to tyrosine phosphorylation [12, 24]. Sperm 
cell tyrosine kinases probably include pp60c-src (SRC) [25], c-Abl [26] and the extracellular 
signal-regulated kinase (ERK) pathway [27]. Proteins that are tyrosine phosphorylated 
during capacitation are located on different regions of the sperm cell and are therefore 
likely to be involved in distinct processes. Tyrosine phosphorylated proteins at the principal 
piece of the sperm tail include A-kinase-anchoring proteins AKAP3 and AKAP4 [28] and 
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Ca2+-binding tyrosine phosphorylation-regulated protein (CABYR) [29]. Sperm head proteins 
that are tyrosine phosphorylated include the proacrosin binding protein, sp32, in the boar 
acrosome [30] and the head-surface proteins endoplasmin and heat shock protein 60 
(HSP60) [31]. Interestingly, valosin-containing protein (VCP), which is localized on the neck 
of human sperm cells prior to capacitation, is redistributed to the anterior head in response 
to tyrosine phosphorylation [28]. VCP is homologous to N-ethylmaleimide sensitive factor 
(NSF), a factor that together with soluble NSF attachment protein receptors (SNAREs) plays 
an ubiquitous role in cytosolically oriented membrane fusion events. This suggests that VCP 
may also participate in membrane fusion processes, possibly during the acrosome reaction; 
this process will be discussed later in this chapter.

Figure 3. The prostate gland
Schematic view of the prostate, bladder, seminal vesicles and urethra. The prostate consists of the 
anterior fibromuscular stroma and three zones with glandular tissue: The peripheral zone (~70% of 
the glandular tissue), the central zone (~20% of the glandular tissue) and the transition zone (~5% of 
the glandular tissue). Figure is copied with permission from Wheater’s Functional Histology (2000), 
Young B, Heath JW (Elsevier). 
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Another PKA-driven process is plasma membrane lipid scrambling. In non-capacitated 
sperm cells, lipid asymmetry is maintained by phospholipid transferases: Asymmetry is 
characterized by location of the aminophospholipids phosphatidylethanolamine (PE) and 
phosphatidylserine (PS) predominantly in the inner leaflet of the plasma membrane bilayer, 
wheras phosphatidylcholine (PC) and sphingomyelin (SM) are mainly present in the outer 
leaflet [14]. During capacitation, a phospholipid scramblase is activated, which moves 
phospholipids bi-directionally across the lipid bilayer. As a result, an increased proportion 
of PE and PS are exposed on the outer leaflet of the sperm cell plasma membrane. This 
breakdown in membrane asymmetry renders the membrane less stable and enables 
cholesterol acceptors, including serum albumin, but probably also lipoproteins to extract 
cholesterol from the plasma membrane [32, 33]. Cholesterol extraction leads to a further 
increase in membrane fluidity, which is associated with a reorganization of the constituent 
lipids and proteins and the formation of so-called lipid rafts. Lipid rafts are membrane 
microdomains that are enriched in cholesterol, sphingolipids and specific membrane 
proteins, including SNAREs [34, 35]. The function of SNARE proteins is influenced by their 
position in membrane rafts. In response to cholesterol removal, the SNARE proteins, syntaxin 
1 and 2, that reside in the sperm cell plasma membrane, as well as vesicle-associated 
membrane protein (VAMP), which is located in the acrosomal membrane, relocate from 
their original random distribution over the entire sperm head and become concentrated in 
the apical ridge area, which is the region of the sperm cell involved in oocyte binding [36].

During sperm cell capacitation, the plasma membrane potential becomes 
hyperpolarized due to opening of inwardly rectifying K+ channels [37] and closure of 
epithelial Na+ channels (ENaCs) [38]. Hyperpolarization releases voltage-dependent Ca2+ 
channels from their inactive state [39]. When the sperm cell reaches the zona pellucida of 
the oocyte, contact with zona pellucida glycoprotein 3 (ZP3) induces a depolarization of the 
sperm plasma membrane [40]. Depolarization induces opening of the proton channel, Hv-1, 
in the sperm cell flagellum, triggering an outward transport of protons to the extracellular 
milieu and thereby resulting in an intracellular alkalinization [41]. As a consequence, both 
the voltage-dependent Ca2+ channels and CatSper Ca2+ channels open, allowing an influx 
of Ca2+ ions from both intracellular Ca2+ stores and the extracellular milieu [42, 43]. The 
CatSper channels are sperm-specific pH-dependent Ca2+ channels located in the sperm cell’s 
flagellum that are indispensable for successful fertilization [43].  Opening of the CatSper 
channels is stimulated by the steroid hormone progesterone, which is released by the 
cumulus granulosa cells surrounding the oocyte, and further potentiated by prostaglandins 
[41, 44]. The initial influx of Ca2+ is followed by a sustained Ca2+ signal mediated by signalling 
tools that are not carried by the sperm cells themselves, but are thought to be delivered 
by prostasomes [45]. These signalling tools that enable the sperm cells to respond more 
readily to progesterone include progesterone receptors, cyclic adenosine diphosphoribose 
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cyclase (cADPR cyclase or CD38) and ryanodine receptors, a class of cADPR-gated Ca2+ 
channels that release Ca2+ from intracellular stores [45]. The Ca2+ influx triggers sperm cell 
hyperactivation [43] and the acrosome reaction [44].

In most species, sperm cells achieve the capacity for motility shortly before their arrival 
in the cauda epididymides and become motile only after their release from the epididymis. In 
vitro, sperm cells with activated motility swim in near linear trajectories due to symmetrical 
flagellar beats [46] and the relatively low viscosity of the surrounding medium. During 
sperm hyperactivation, which is physiologically induced during capacitation of sperm within 
the oviduct, the flagellar movements change to high-amplitude asymmetrical beats. The 
molecular basis for this motility pattern remains unclear. However, in sea urchin sperm, Ca2+ 
has been demonstrated to regulate the activity of dynein arms, motile protein elements 
of the sperm cell cytoskeleton that interact with the flagellar microtubules [47]. In bull 
spermatozoa, it has been shown that hyperactivation involves Ca2+ binding to calmodulin 
and subsequent activation of calmodulin kinase II [48]. Hyperactivated motility is required 
for sperm cells to detach from the oviducal epithelium [49], to swim through oviducal mucus 
and to penetrate the zona pellucida [43]. Indeed, in many mammalian species, sperm cells 
may attach to the mucosal epithelium of the oviduct. In the bull, sperm cells bind to the 
epithelium via seminal plasma protein PDC-109, and this interaction prolongs their motile 
lifespan [50].  In several mammalian species, the population of oviduct epithelium bound 
cells forms a reservoir, but it is not clear whether the human oviduct has a comparable 
sperm reservoir (see for review: [51]).

Besides hyperactivation, Ca2+ influx also triggers the acrosome reaction in sperm cells. 
The acrosome is a sperm cell specific organelle that originates from the Golgi system 
and is formed during spermiogenesis [52].  The acrosome extends over the anterior side 
of the sperm cell nucleus in the sperm cell head and is in close proximity to the sperm 
plasma membrane. In response to capacitation, trans SNARE complexes are formed from 
VAMP 3 and syntaxin 1B in the plasma membrane and synaptosomal-associated protein 
23 (SNAP23) in the outer acrosomal membrane [53, 54]; these complexes hold the two 
membranes in close proximity (‘docked’). During the acrosome reaction, completion of 
the SNARE interactions results in the outer acrosomal membrane fusing with the overlying 
plasma membrane. These membrane fusions occur simultaneously at multiple sites, as a 
consequence of which mixed membrane vesicles are formed and the acrosomal contents 
are released. The liberated acrosomal enzymes assist in the penetration of the sperm cell 
through the zona pellucida of the oocyte [55]. The ZP3 molecules within the zona pellucida 
are thought to induce the acrosome reaction [56], probably by activating the Rap guanine 
nucleotide exchange factors 3 and/or 4, which may induce depolarization of the sperm 
cell plasma membrane and thereby stimulate the Ca2+ influx that triggers the acrosome 
reaction [57]. The acrosome reaction can take place at the zona pellucida surface, but is 
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probably initiated even earlier, under the influence of cumulus cells, the follicle wall derived 
epithelial cells that surround the recently ovulated oocyte in the oviduct [58]. Progesterone 
secretion by these cells [59], coupled with the previously described transfer of progesterone 
receptors and other Ca2+ signalling tools by prostasomes [45] are important factors in this 
process.

Capacitation and the acrosome reaction are absolutely indispensable for successful 
fertilization and should be tightly controlled. Several components of the seminal fluid, 
including sperm-coating proteins, act as so-called ‘decapacitation factors’, which prevent 
acrosome reaction from occurring prematurely [60]. The nature of these decapacitation 
factors is still largely obscure [13, 54]. However, some decapacitating factors are almost 
certainly already present on spermatozoa prior to their release from the cauda epididymides 
whereas others appear to be recruited after ejaculation. One decapacitating factor present 
prior to ejaculation is bound to a glycosylphosphatidylinositol (GPI)-anchored receptor, 
PE-binding protein (PEBP-1), which is present on the acrosomal cap, the post-acrosomal 
region, and the flagellum of both mouse and human spermatozoa [61]. Binding of this 
decapacitation factor to PEBP-1 is thought to inhibit capacitation through interactions 
with G protein-coupled receptors [19] and Ca2+ ATPase [61]. A decapacitating factor that 
is recruited to the sperm cells during the epidiymal maturation process is the epididymal 
protein cystein-rich secretory protein-1 [62].  Cholesterol is a non-proteinous decapacitation 
factor that inhibits the cells from becoming responsive to induction of the acrosome 
reaction by progesterone [63]. An important source of cholesterol in seminal fluid may be 
the prostasomes, which probably inhibit capacitation by serving as a cholesterol donors for 
sperm cells [64] (see also later in this chapter).

Extracellular vesicles

Besides cell-cell contact and paracrine/endocrine communication via soluble messengers, 
cells communicate with each other via cell-derived membrane vesicles. In the 1970’s, the 
extracellular presence of membrane vesicles of any cell type, was described for the first 
time in seminal plasma and prostatic fluid [65-67]. Electron microscopy has since shown 
that prostatic extracellular vesicles, now known as prostasomes, correspond in size to the 
intraluminal storage vesicles in prostate epithelial cells [68, 69]. These storage vesicles 
resemble multivesicular bodies (MVBs) in other cells types. In the early 1980’s, two 
independent groups described the fusion of MVBs with the plasma membrane and the 
extracellular release of their intraluminal vesicles (Figure 4) [70, 71]. These observations 
were first considered to be controversial, as MVBs were thought to be destined to fuse with 
lysosomes. Later, extracellularly released vesicles of intra-endosomal origin were termed 
‘exosomes’ [72]. One should not confuse these vesicles with the RNA processing complex 
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of exoribonucleases, that was also termed ‘exosome’ in 1997 [73].
The first reported functional interaction of extracellular vesicles with cells was the 

promotion of sperm cell motility by prostasomes [74]. Another milestone in exosome 
biology was the first observation of an immunological function of exosomes in 1996, 
when it was shown that exosomes from Epstein Barr Virus-transformed B-lymphocytes 
could present major histocompatibility class II (MHC class II) complexes carrying antigenic 
peptides to T cells in vitro [75]. This suggested that MHC class II carrying exosomes could 
have a function in the adaptive immune responses. Exosomes from dendritic cells, another 
type of professional antigen presenting cells, have been reported to carry functional MHC 
class I-peptide complexes that could promote anti-tumor T cell responses in vivo [76]. Since 
then, many other roles of immune cell-derived exosomes have been described, including 
both activating and inhibitory effects [77].

Alternatively to exosome secretion, extracellular vesicles may also be formed by 
pinching off from the plasma membrane (Figure 4), a process that when performed by 

microvesicles exosomes

MVB

Figure 4. Secretion of extracellular vesicles
Extracellular vesicles can form at the plasma membrane by budding into the extracellular space and 
subsequent pinching off, giving rise to microvesicles. Alternatively, vesicles can form in the lumen of 
multivesicular bodies (MVBs). Fusion of MVBs with the plasma membrane results in the release of 
these internal vesicles, which are then referred to as exosomes. Drawing by M. Dammer.
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viable cells is referred to as apocrine secretion [78], but is also encountered during 
apoptosis [79]. Vesicles shed from the plasma membrane of viable cells have been referred 
to as ectosomes, shedding vesicles, microparticles or microvesicles. In this thesis, I will refer 
to these vesicles as microvesicles.

In the literature, it is not always clear whether the reported extracellular vesicles 
are exosomes or microvesicles and, therefore, it is often more adequate to use the term 
extracellular vesicles. Irrespective of the difficulty of distinguishing the two types of vesicles, 
extracellular vesicles have been shown to be ubiquitous in many respects: They have been 
purified from various in vitro cultured cells, including immune cells [77], epithelial cells 
[80], fibroblasts [81], endothelial cells [82], mesenchymal stem cells [83], tumor cells [84], 
and from body fluids, including blood [85], urine [86], saliva [87], bronchoalveolar fluid 
[88], semen [45], breast milk [89], amniotic fluid [90], ascites fluid [91], cerebrospinal fluid 
[92] and bile [93]. Extracellular vesicles have been reported not only in mammals but also 
in birds [94], fish [95], reptiles [87], and even microbes [96-98] and plants [99, 100].

Microvesicles range in diameter from 50 to 1000 nm [78, 101-103]. Vesicles that are 
shed from the plasma membrane are enriched in specific proteins, while other proteins 
are excluded [104, 105]. Lipid rafts play an important role in this sorting process [106]. 
Shedding of microvesicles is induced by several types of triggers. For example, an increased 
intracellular Ca2+ concentration stimulates vesicle shedding, as was demonstrated using 
Ca2+ ionophores [107]. Shedding of vesicles can also be stimulated by activation of PKC 
by phorbol esters [108] or by activation of purinergic receptors of ATP, such as P2X7 [109] 
and P2Y [105, 110]. Moreover, vesicle shedding of platelets is stimulated via thrombin 
receptor activation [111], while dendritic cells release plasma membrane vesicles as 
a result of the binding of bacterial lipopolysaccharide to Toll-like receptor 4 [112]. At a 
high rate of shedding, membrane loss from cells is compensated by regulated exocytosis 
of non-secretory vesicles [113]. Typical microvesicle proteins include integrins [114-116], 
metalloproteinases [117, 118], caspases [119, 120], and interleukin-1β [119]. Microvesicles 
have been described to play a role in blood coagulation [106], inflammation [121, 122] and 
tumor development [118, 123, 124]. In addition, enveloped viruses, including HIV, may bud 
either from the plasma membrane or from internal compartments and can therefore be 
considered as a type of membrane vesicle [125].

Exosomes have a characteristic diameter of 50-100 nm and float to equilibrium buoyant 
densities of 1.13-1.19 g/ml during density gradient centrifugation [101, 126]. Based on 
proteomic analysis of exosomes from several cell types the composition of a ‘canonical 
exosome’ has been proposed [101, 127, 128]. Exosome-enriched membrane proteins 
were found to include tetraspanins (CD9, CD63 and CD81), surface peptidases (CD13 
and CD26), integrins, GPI-anchored molecules (CD55 and CD59), MHC class I and milk-fat 
globule epidermal growth factor 8 (MFGE8). Cytoplasm-derived proteins include clathrin, 
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Rab family GTP-ases, cytoskeleton proteins (tubulin, actin and moesin), chaperone proteins 
(HSP70 and HSP90 and cyclophilin A) and signal transduction molecules (protein kinases, 
14-3-3 proteins and syntenin). The identification in exosomes of proteins that are involved 
in the formation of intraluminal vesicles in MVBs (tsg101, ESCRT II components, and Alix), 
as well as proteins that are highly expressed on endosomes (e.g. LAMP-2), illustrates their 
endosomal origin [129].

Regarding their lipid composition, exosomes from B cells [130], melanoma cells [131] 
and oligodendrocytes [132] are enriched in cholesterol and SM, as compared to the plasma 
membrane of their parent cells. Ceramide, derived from SM by sphingomyelinase, is 
highly enriched in oligodendrocyte exosomes and has been proposed to be involved in the 
formation of intraluminal vesicles in the MVB [132]. By contrast, lysobisphosphatidic acid, 
another lipid that has been proposed to be involved in MVB formation [133], is either not 
incorporated into exosomes or only in very low concentrations [130, 134]. The exosomal lipid 
bilayer is scrambled, probably due to the presence of a phospholipid scramblase [128, 135]. 
In addition to ubiquitous components, many other proteins and lipids in exosomes are cell 
type specific and/or dependent on the status of the cell of origin. For example, exosomes 
from immune cells have an immunological signature. Exosomes from dendritic cells express 
MHC class II molecules as well as co-stimulatory molecules [77]. After activation of immature 
dendritic cells with bacterial lipopolysaccharide, the MHC class II content of the vesicles 
increases [136, 137], whereas stimulation of peptide loaded dendritic cells with cognately 
interacting CD4+ T cells induces exosome secretion by dendritic cells [138]. T cell and B cell 
derived exosomes express T cell and B cell receptors respectively [139, 140]. As a result of 
heat stress, HSPs in B cell exosomes are upregulated [141]. Exosomes from epithelial cells 
express epithelium-specific proteins. For example, intestinal epithelial cells express the 
intestine-specific antigen A33 [142]. Epithelial antigens may also be upregulated as was 
shown, for example, for aquaporin 2 on exosomes from kidney collecting duct epithelium; 
aquaporin 2 plays a role in water reabsorption from the urine and its expression increases 
in response to activation by desmopressin [143]. Exosomal protein composition can also 
reflect an infection within the cell of origin. Exosomes from macrophages infected with 
mycobacteria carry bacterial antigens [144], whereas exosomes from cytomegalovirus 
infected endothelial cells contain viral antigens [145].

Extracellular vesicles can be isolated from body fluids or cell culture supernatants 
using various protocols (see for review: [146]). These isolation procedures often include 
differential centrifugation protocols: In general, exosomes are pelleted by centrifugation 
for 1 hour at 100 000 x g, while larger microvesicles may sediment at lower centrifugation 
speeds (10 000 x g). Isolation protocols for extracellular vesicles may also include filtration 
steps or size exclusion chromatography [146]. The latter may be performed to minimize 
contamination of vesicles by protein complexes and soluble proteins. To separate exosomes 
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from non-membrane associated molecules (protein or extravesicular nuclei acids) or from 
viruses with similar sizes, vesicles may be floated up into density gradients by centrifugation 
[147]. It should be noted that the smallest microvesicles may co-fractionate with exosomes 
when any of these procedures are used and it is therefore often difficult to distinguish these 
two types of membrane vesicles. Specific capture of (sub)types of vesicles from culture 
supernatants or body fluids may be performed using beads coupled to antibodies that are 
specific to vesicle surface molecules [148].

Intercellular transfer of proteins by extracellular vesicles

Extracellular vesicles can serve as vehicles for transfer of membrane proteins from one 
cell to the other. For example, exosomes containing MHC class II molecules have been 
found to be trapped on the surface of follicular dendritic cells, i.e. accessory cells of the 
immune system that reside in the germinal centre of lymphoid follicles [149]. Follicular 
dendritic cells do not express MHC class II molecules themselves, but due to the presence 
of exosomes on their surface, they are able to present antigens loaded onto MHC class II 
molecules to B cells. Likewise, exosomes from mature dendritic cells, loaded with MHC 
class II peptide complexes, can stimulate other antigen presenting cells to activate T cells 
[137]. Exosomes can be captured by cells or by extracellular matrix proteins via integrins. 
For example, B cell exosomes express β1 and β2 integrins that can mediate the binding of 
exosomes to extracellular matrix proteins (e.g. collagen and fibronectin), or to cell-adhesion 
molecules ICAM-1 or VCAM-1 [150]. Dendritic cell exosomes can be captured by T cells via 
leukocyte function-associated antigen-1 (LFA-1) on the T cell surface [126]. As PS is exposed 
on the outer leaflet of the exosomal membrane, exosomes may also be captured by the 
PS receptors T cell immunoglobulin and mucin-domain proteins 1 and 4 (TIM1 and TIM4) 
[151].

Following adherence, extracellular vesicles can be taken up by the target cells 
through endocytic processes. Fusion of exosomes with either the plasma membrane or 
the endosomal membrane would deliver both membrane constituents and cytosolic 
components to the recipient cell.  Fusion has been demonstrated for exosomes labelled 
with fluorescent dyes that are quenched when concentrated in the vesicle membrane, but 
start to fluoresce when diluted after fusion into the membrane of the recipient cell [131, 
152]. This fusion process may occur more efficiently at slightly acidic conditions, such as 
sometimes exist in the centre of tumors [131]. Alternatively, exosomes can hemifuse with 
the recipient cell’s plasma membrane (which involves fusion of the outer membrane but not 
the inner membrane leaflets), be endocytosed by the recipient cell, and subsequently fuse 
with the delimiting membrane of the endosome [152]. With both mechanisms, cytosolic 
components within the exosomes are ultimately delivered to the recipient cells, as has 
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been elegantly shown by the ‘injection’ of luciferase from the exosomal lumen into the 
recipient cell’s cytosol [152]. Transfer of exosomal contents also involves exosomal nucleic 
acids, as discussed in the next paragraph.

In addition to its physiological functions, the exosomal pathway is also involved 
in viral infections and neurodegenerative diseases. Retroviruses, in particular human 
immunodeficiency virus (HIV), have been described to hijack the MVB pathway for the 
generation and dissemination of new virus particles [153-155]. Furthermore, exosomes 
serve as vehicles in the transmission of the mis-folded prion protein scrapie (PrPSc) [92, 
156], as well as in the transmission of amyloid peptides associated with Alzheimer’s disease 
[157] and systemic AA amyloidosis [158]. 

Transfer of RNA

In 2007, it was demonstrated for the first time that exosomes contain RNA [159]. This study 
reported on the transfer of mRNA and microRNA (miRNA) from exosomes produced by 
human mast cells to murine mast cells. Translation of the mRNA resulted in the production 
of human proteins in murine target cells, indicating that exosomal RNA can be processed 
in the target cell and influence target cell function. This observation opened a whole 
new research area into how exosomes can contribute to horizontal transfer of genetic 
information between cells.

MicroRNAs (miRNAs) are small (~22 nucleotides) RNA molecules that can repress 
translation by incomplete pairing with the 3’ untranslated region (3’UTR) of mRNA. One 
miRNA can pair with several mRNA species and conversely, one mRNA can potentially be 
targeted by several miRNAs (miRanda database [160]). Since the human genome encodes 
>1500 miRNAs (miRbase [161]), the gene regulation potential of miRNAs is enormous; at 
least 60% of human genes are thought to be regulated by miRNAs [162].

Since the first observation of RNA in mast cell exosomes by the group of Lötvall [159], 
many studies have followed on the RNA content of exosomes from other sources, and the 
potential implications for target cell function. More than 2000 mRNAs and several hundred 
miRNAs have already been collated into the online exosome database Exocarta [163]. 
Interestingly, the miRNA and mRNA content of exosomes is not a random array of RNA 
molecules present in the cytoplasm during the generation of intraluminal vesicles at the 
MVB, but instead represents specific subsets that are selectively incorporated during MVB 
biogenesis [159, 164]. Not only exosomes but also microvesicles have been described to 
contain RNA [78, 114], and it should be noted that in many studies the subcellular origin 
of RNA containing extracellular vesicles (exosomes or microvesicles) was unclear. miRNAs 
delivered by exosomes have been shown to be functional, for example by assays in which 
translation of chimeric firefly luciferase into the target cell could be repressed [152, 165]. 
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Transfer of miRNA via exosomes may play a role in several physiological processes [166], 
and is probably also involved in pathological conditions. For example, transfer of miRNA by 
exosomes from liver carcinoma cells has been implicated in modulation of the growth of 
recipient cells and thereby to enhance carcinogenesis [167]. In addition, viral miRNAs can 
be transferred via exosomes and play a role in immune evasion [168].

Extracellular vesicles in the male reproductive tract

In the male reproductive tract, both microvesicles and exosomes are produced. The ductal 
epithelium of the epididymis produces so-called epididymosomes, which are thought to 
be shed from the plasma membrane and can therefore be defined as microvesicles [3]. 
Epididymosomes are produced throughout the epididymal duct (which is about 6 meters 
long in men), but their protein composition varies between its segments [169]. For example, 
several glycan-modifying enzymes are specifically associated with caput epidiymosomes, 
while SNARE proteins, Ras-related proteins and chaperone proteins, including HSP90 and 
HSP70, have been described for epididymosomes recovered from both the caput and cauda 
[169]. Epididymosomes transfer specific subsets of epididymal membrane proteins to the 
sperm cell surface [170]. Among these are the GPI-anchored proteins CD52 and P34H. Since 
low expression of CD52 is associated with low sperm quality, this protein is thought to be 
important for sperm cell function [171]. P34H [172] and its counterparts in other species, 
including P26h in hamster [173], P31m in monkey [174] and P25b in the bull [175] are 
proteins that enable sperm cells to properly bind to the zona pellucida of the oocyte. Similarly, 
the transmembrane protein ‘a disintegrin and metalloproteinase 7’ (ADAM7 or GP-83), 
which has been proposed to play a role in sperm-oocyte interaction [176], is transferred by 
epididymosomes to sperm cells [177]. Furthermore, epididymosomes contain the cytosolic 
proteins macrophage inhibiting factor, aldose reductase and sorbitol dehydrogenase. The 
function of macrophage inhibiting factor in seminal plasma is largely unknown, but it may 
assist in maintaining sperm cells in the immotile state during their transit through the 
male reproductive tract [178]. Aldose reductase and sorbitol dehydrogenase are enzymes 
of the polyol pathway; the former reduces glucose to sorbitol, the latter oxidizes sorbitol 
to fructose. Since fructose is a major energy source for sperm cells, these enzymes may 
play an important role in sperm cell function [179]. Whether epididymosomes fuse or only 
transiently interact with sperm cells, and how cytosolic proteins are transferred to sperm 
cells, remains unclear to date.

A second class of extracellular vesicle in the male reproductive tract is the prostasome, 
i.e. membrane vesicles produced by prostate epithelial cells [180, 181]. Several studies 
have described the intracellular formation and secretion mechanisms for prostasomes, 
indicating that prostasomes are exosomes. Both benign and malignant prostate epithelial 
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cells contain storage vesicles that show morphological characteristics of multivesicular 
bodies and secrete their intraluminal vesicles into the gland ducts, as demonstrated by 
electron microscopy [182]. Prostasomes from the prostate cancer cell line PC-3 have also 
been shown to express the raft-associated proteins MAL and caveolin-1, which co-localize 
intracellularly with multivesicular endosomes but not with other organelles, including early 
endosomes, lysosomes, lipid droplets and the Golgi apparatus [183]. Endosomal markers 
Tsg101 and Hrs were also found on PC-3 prostasomes [184], which is consistent with an 
exosomal nature.

Although the ejaculate may also contain epididymosomes, membrane vesicles in 
the seminal plasma are generally collectively referred to as prostasomes. However, this 
population of vesicles may well contain minor populations of membrane vesicles secreted 
by epithelia other than prostatic epithelium. For example, the mouse vas deferens has 
been suggested to release vesicles containing the mouse vas deferens protein, in an 
apocrine manner [186]. This protein lacks a signal sequence and is therefore not secreted 
via the conventional secretory pathway. Also the vesicular glands (confusingly called 
seminal vesicles) in man may secrete membrane vesicles [187]. Whether the ampullae 
or the bulbourethral glands secrete vesicles remains unclear. But even if there are minor 
contributions from a variety of other sources, the prostate is by far the most important 
source of membrane vesicles in seminal fluid, which is illustrated by the observation that 
membrane vesicles isolated from seminal fluid are very similar to vesicles isolated from 
prostatic tissue [188].

Membrane vesicles have also been found in seminal plasma from males of other 
species, including the bull, ram, boar and stallion [189-192]. The occurrence, functions and 
relative contributions of the accessory sex glands may vary between species. In the bull for 
example, the vesicular glands produce significant amounts of membrane vesicles [193]. 
Therefore, it cannot be concluded that the major contributor to the membrane vesicle 
population in the ejaculate is the prostate in all cases. 

Prostasome composition

Prostasomes have a peculiar membrane composition. The main phospholipid in the 
prostasomal membrane is SM, whereas the plasma membrane of mammalian cells contain 
more abundant quantities of PC and PE [194]. The prostasomal membrane also has an 
unusually high cholesterol content. The cholesterol:phospholipid ratios in human and 
equine prostasomal membranes are 2.0 and 1.7 respectively, while this ratio is only 0.67 
in the human sperm cell plasma membrane [194, 195]. The fatty acids in the prostasomal 
membrane are mostly saturated (oleic and palmitic acid) or monounsaturated (oleic acid) 
[194]. Together with a high concentration of cholesterol, this probably accounts for the very 
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high stability of the prostasomal membrane [196].
The most extensively studied prostasomal proteins are enzymes that had already 

been identified on prostasomes before these vesicles had been analysed using modern 
proteomic techniques. Dipeptidyl peptidase IV (DPP4; CD26) is an enzyme present on 
prostasomes [197, 198] that cleaves dipeptides off proteins where preferentially proline, 
but alternatively alanine, is the penultimate amino acid [199]. Substrates of DPP4 include 
chemokines, growth factors and neuropeptides. DPP4 is thought to play a role in many 
processes, including tumor suppression, apoptosis, immune responses and cell adhesion 
to the extracellular matrix [199]. This enzyme has also been found on membrane vesicles 
secreted into saliva [87] and snake venom [200]. In the male reproductive tract, the 
expression of DPP4 is mainly confined to the prostate [201]. Indeed, DPP4 expression has 
been used as a marker for prostasomes in several studies [197, 198] and was suggested to 
be transferred from prostasomes to sperm cells [202] via fusion between the two [203]. 
Another enzyme that has been used as a prostasome marker is aminopeptidase N [188, 
198, 204]. This is a protease with a preference for N-terminal neutral amino acids, with a 
function in a wide variety of processes, including proliferation, differentiation, apoptosis, 
cholesterol metabolism, chemotaxis and antigen presentation [205]. In seminal fluid, 
aminopeptidase N has been described to regulate sperm cell motility, through modulation 
of enkephalin levels [206]. Aminopeptidase N has also been reported to be transferred 
from prostasomes to sperm cells [204, 207]. Other enzymes that are associated with the 
prostasomal membrane are 5’nucleotidase [208, 209], alkaline phosphatase, alkaline 
phosphodiesterase I [209], neutral endopeptidase [210], type 2 transmembrane serine 
protease (TMPRSS2) [211], ecto-diadenosine polyphosphates hydrolase [212], PKA and 
PKC, casein kinase II, and membrane-bound ATPase [213]. Besides enzymes, prostasomes 
also carry cystatin C, which is an inhibitor of the protease cathepsin B [214].

Comprehensive proteomic analyses of human prostasomes have so far been 
performed in two different studies. In the first study, 139 proteins were identified, and 
categorized as follows: 33.8% enzymes, 14.9% transport and structural proteins, 14.4% 
GTP-binding proteins, 5.8% chaperone proteins, 17.3% signal transduction proteins and 
9.4% non-annotated proteins [215]. In a later study, 440 proteins were identified using a 
more sensitive method [216]. Interesting candidates for further research were the prostate 
specific proteins prostatic acid phosphatase (PAP), prostate specific antigen (PSA), TMPRSS2 
[215], prostate specific transglutaminase [215, 216] and prostate stem cell antigen (PSCA) 
[216]. These proteins have already been studied as (candidate) markers for prostate 
cancer [8, 217-219], of which PSA is the most well-known [10]. Given their presence on 
prostasomes, they may also be good candidates as prostasome markers.

Prostasomes have been described to contain chromosomal DNA, representing an array 
of small DNA fragments randomly selected from the entire human genome [220, 221]. 
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However, it cannot be excluded that small apoptotic vesicles, which contain fragmented 
DNA, were mixed with these prostasomal samples. In addition, extracellular DNA may 
be present in seminal fluid through secretion by neutrophil granulocytes, which are also 
present in the seminal fluid of fertile men [222]. As a defence mechanism against bacteria, 
neutrophil granulocytes can release DNA containing extracellular fibers or ‘nets’ [223]. In 
exosomes derived from a prostate tumor cell line, RNA transcripts of the prostate cancer 
specific fusion gene TMPRSS2:ERG were detected [224]. These transcripts, as well as mRNA 
for prostate cancer antigen 3, were also found in exosomes derived from prostate cancer 
patients [225]. However, the RNA content (if any) of prostasomes from normal cells remains 
unclear so far.

Prostasomes interact with sperm cells

Prostasomes have been reported to inhibit sperm cell capacitation [226, 227] and the 
acrosome reaction [64, 226]. As described above, prostasomes may serve as a cholesterol 
donor to the sperm cell’s plasma membrane, counteracting the cholesterol efflux that takes 
place during capacitation [63, 64]. However, a contrary stimulatory effect of prostasomes 
on the acrosome reaction has also been described [204, 228]. In contrast to the other 
studies, Palmerini et al. [228] used a low pH to fuse the prostasomes to sperm cells, whereas 
Siciliano et al. [204] used boar prostasomes, which may have different characteristics to 
human prostasomes. Prostasomes have also been described to promote sperm motility 
[229-232], by transferring Ca2+ signalling tools to sperm cells [45], as described above. 
Additionally, prostasome associated vasoactive intestinal peptide [233] may stimulate 
sperm cell motility, probably through upregulation of adenylyl cyclase and subsequent 
phosphorylation of cytoskeletal proteins [234].

Transfer of signalling molecules and receptors from prostasomes to sperm cells [45] 
requires fusion of the prostasomes with the sperm cell plasma membrane. Fusion has been 
reported to occur exclusively during incubation in mildly acidic buffers [45, 235, 236]. In the 
human female reproductive tract, prostasomes may fuse to sperm cells as early as in the 
vagina, which is acidic (pH ~4.5).  This may differ in other species depending on whether 
the semen is deposited intracervically (e.g. the pig) or intrauterine (e.g. the horse), where 
the pH is close to neutral. Furthermore, pH buffering components of the seminal fluid may 
help determine whether fusion can take place or not. Therefore, it is unclear whether and 
where prostasomes fuse with sperm cells in vivo.
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Prostasomes interact with immune cells

The female reproductive tract is equipped with a well balanced immune system. On the 
one hand, it has to protect the female and a potential embryo or fetus against invading 
pathogens, but on the other hand it must tolerate potentially highly immunogenic paternal 
alloantigens in order to be able to establish and maintain pregnancy (reviewed in [237, 
238]). Macrophages and neutrophil granulocytes form a first line of defence against 
pathogens, but also phagocytose sperm cells [238, 239]. Natural killer (NK) cells can also 
attack pathogens, while apparently playing an important role during implantation of an 
embryo and the maintenance of pregnancy [240]. DCs form a bridge between the innate 
immune system and the adaptive immune system of the female reproductive tract, which 
also involves T cells [238].

Prostasomes have been shown to exhibit a variety of immunomodulatory capacities in 
in vitro studies. These may involve direct interactions with leukocytes, interactions through 
the complement system, or direct antibacterial or antiviral mechanisms. For example, human 
prostasomes have been shown to adhere to lymphocytes and inhibit lymphocyte proliferation 
[241, 242], and to inhibit endocytosis by monocytes and neutrophil granulocytes [241, 242]. 
In the female reproductive tract, inhibition of phagocytotic activity by prostasomes may 
protect sperm cells from attack by neutrophil granulocytes. Another immunomodulatory 
property of prostasomes involves inhibition of the generation of superoxide anions by 
NADPH oxididase in neutrophil granulocytes [242, 243]. Superoxide anions and other 
reactive oxygen species (ROS) also play a role in the defence by phagocytotic cells against 
bacteria and fungi. However, the sperm cell is also very sensitive to lipid peroxidation, 
due to the high content of polyunsaturated fatty acids in its plasma membrane and its 
limited ROS scavenging capacity as a result of a small cytoplasmic volume. After protein 
denaturation by heat treatment of the prostasomes, the protective effect against ROS is 
retained, suggesting that lipids rather than proteins may be involved [244]. Prostasomes 
probably do not act as direct scavengers of ROS, unlike other antioxidants in seminal plasma 
[245]. Instead, prostasomes may modify the plasma membrane of neutrophil granulocytes 
through transfer of cholesterol and SM to the cells, making them more rigid and resulting 
in a decrease in NADPH oxidase activity [243, 246]. Membrane vesicles from bovine 
seminal fluid have been demonstrated to have similar effects on proliferation, phagocytotic 
activity and superoxide production by leukocytes [246]. Finally, human prostasomes 
have been shown to contain CD48, which is the ligand for activating NK cell receptor 2B4 
(CD244) [247]. NK cell activity decreases after incubation in the presence of prostasomes, 
suggesting that prostasomes may also play a role in controlling NK cell activity in the female 
reproductive tract. In addition, prostasomes have been described to interfere with the 
complement system, through their surface molecules CD59 and CD46. CD59 is an inhibitor 
of the membrane attack complex (MAC) of the complement system. Transfer of CD59 from 
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prostasomes to cells [248, 249] has been shown to inhibit complement-mediated cell lysis 
[250]. Membrane cofactor protein (MCP; CD46) is a transmembrane glycoprotein that 
possesses cofactor activity for proteolytic inactivation of C3b and C4b of the complement 
cascade [251]. CD46 is also known as a receptor for measles virus, and prostasomes have 
been shown to inhibit infectivity of this virus, probably by capture of the virus by CD46, 
as a kind of ‘mock cell’ [251]. Another immunomodulatory prostasomal surface protein is 
galectin-3 [252], a β-galactoside-binding protein that plays a role in immunomodulation, 
pathogen-host interactions, cell-cell and cell-matrix interactions and cancer progression 
[253]. Galectin-3 lacks a signal sequence for transport into the endoplasmic reticulum, 
and is therefore secreted via a non-classical pathway. The galectin-3 ligand, Mac-2 binding 
protein (M2BP), has also been found to be associated with prostasomes [254], and has also 
been proposed to have an immunomodulatory function on macrophages and monocytes 
[254]. Taken together, the interaction of prostasomes with the local female immune system 
may prevent sperm cells from being phagocytosed, damaged or killed, and thereby prolong 
their lifespan in an otherwise hostile environment. Finally, prostasomes have antibacterial 
properties [255], probably through the antimicrobial protein human cationic antimicrobial 
protein-18 (hCAP-18) in the prostasomal membrane, which belongs to the cathelicidin 
family and releases the antimicrobial peptide LL37 [256].

Prostasomes and prostate cancer

Prostate cancer is the most common cancer suffered by men in the Western world [257]. 
Since hyperplastic and malignant prostate cells, and even metastatic tumor cells secrete 
prostasomes that share many characteristics with prostasomes from normal cells [188, 
258], information on prostasomes may provide ways to conquer prostate cancer. While 
prostasomes are normally secreted from the apical side of the columnar prostate epithelial 
cells into the glandular lumen and are then excreted in the semen or urine, malignant 
prostatic epithelial cells become cuboidal and lose polarity. When these cells invade 
beyond the basement membrane, prostasomes can be secreted towards the interstitial 
compartment of the prostate tissue, or even into the blood circulation [182, 259]. Tissues 
that are normally devoid of prostasomes are now challenged by the immunomodulatory 
properties of these vesicles, which may assist tumor survival and metastasis. Moreover the 
composition of prostasomes from prostate tumor cells may be altered in several respects, 
as compared to vesicles from normal prostate cells.

Characteristics of prostasomes that enable them to influence prostate cancer 
progression include their involvement in the complement pathway, the expression of 
enzymes on the prostasomal surface and the promotion of angiogenesis [259]. As described 
above, prostasomes contain the complement regulatory proteins CD46 and CD59, and are 
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able to transfer CD59 to neighbouring cells [250, 251]. Prostasomes from malignant cells 
have a higher ability to transfer CD59 to cells than prostasomes from normal cells [250]. 
Another difference between prostasomes from cancer cells and normal prostasomes is their 
enzyme activity. Prostasomes from cancer cells show a higher kinase activity as compared 
to prostasomes from normal seminal plasma, causing phosphorylation of complement 
protein C3 and fibrinogen [213]. This makes C3 inaccessible to physiological activation [260], 
while it may also alter the functional properties of fibrinogen, which has been implicated 
in cancer cell migration [261]. Other enzymes that show a higher activity on prostasomes 
from tumor cells compared to normal cells, are peptidoglycan hydrolyzing enzymes, matrix 
metalloproteinases and plasminogen activator, which play a role in extracellular matrix 
degradation and cancer cell invasion [197]. Conversely, the expression of CD26 is reduced 
on prostate cancer cell prostasomes, which may affect its role as a tumor suppressor [197]. 
TMPRSS2 is a serine protease that is also expressed on prostasomes [211]. Although the 
expression of TMPRSS2 is often misregulated in prostate cancer due to gene fusion, its 
function remains unclear.

Membrane vesicles from the prostate cancer cell line DU-145 have been shown 
to promote the development, invasion and tube formation of endothelial cells [262]. 
This is remarkable because prostasomes derived from seminal fluid of healthy men 
have been described to conversely inhibit angiogenesis [263, 264]. This may indicate 
that malignant transformation may change prostasome function with regard to the 
stimulation of neovascularisation. To conclude, prostasomes from tumor cells are highly 
equipped to promote prostate cancer cell survival and tumor progression by inhibiting 
complement-mediated attack, but promoting invasion into extracellular matrix and 
neovascularisation.

Besides an apparent role in the development and survival of prostate cancer cells, 
prostasomes from malignant prostate epithelial cells may also serve as a biomarker for 
this disease [265]. New biomarkers for prostate cancer would be welcomed because blood 
serum levels of the currently used and most well-known prostate cancer marker PSA do 
not always correlate well with the aggressiveness of the malignancy and therefore the 
prognosis of prostate cancer [266]. Qualitative and quantitative analysis of the protein, lipid 
and/or nucleic acid content of prostasomes may be indicative of prostatic abnormalities. 
These prostasomes may be isolated from urine, or from blood, due to the ectopic secretion 
into the blood stream in case of malignant prostate cancer. A recent development is a 
proximity ligation assay, which is based on the simultaneous recognition of four different 
epitopes by antibodies [267]. The antibodies are conjugated to complementary DNA 
oligonucleotides, which can hybridize only when the antibodies are in close proximity. 
Hybridized oligonucleotides can be amplified in a qPCR reaction, thereby allowing specific 
detection of small quantities of prostasomes (≥ 1 ng/ml) from patient blood.
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Scope of this thesis

This thesis focusses on the identification and characteristics of two different populations 
of prostasomes. In Chapter 2, the role of various seminal plasma components are 
described that support sperm cells in the development of fertilizing capacity. These include 
components derived from the epididymis, as well as prostasomes. Chapter 3 describes 
an extensive isolation and purification protocol for prostasomes, that yields two different 
populations of vesicles with distinct characteristic sizes ( ~56 and ~105 nm) and protein 
compositions. Chapter 4, reports on the analysis of these two prostasome populations 
for their lipid contents.  The observation of Valadi et al. [159] that exosomes from other 
sources contain mRNA and miRNA, prompted us to isolate and study prostasomal RNA. In 
Chapter 5, we analyzed the RNA content of prostasomes that were purified according to 
the protocol described in Chapter 3. RNA was detected only in the ~105 nm prostasomes, 
and these molecules were mainly 50-80 nt in length. Deep sequencing of these fragments 
indicated that the majority of these RNA molecules represented alternatively cleaved 
precursor tRNAs, that have not been described previously. The functional implications for 
prostasomes during sperm cell capacitation were studied in Chapter 6. It was demonstrated 
that prostasomes bind to the heads of live capacitating sperm cells but not to live sperm 
cells that are not in the process of capacitating, indicating that initiation of capacitation 
is essential for prostasome binding. Furthermore, prostasome binding negatively 
modulated capacitation-dependent protein tyrosine phosphorylation in the sperm cells.  
The implications of these studies on prostasome biology are discussed in the Summarizing 
discussion in Chapter 7.
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Abstract

The epididymis is a long, tightly coiled tube within the lumen of which sperm matures. 
Sperm maturation involves morphological and biochemical changes in the sperm plasma 
membrane in response to epididymal secretions and their various proteins. Some of these 
proteins become outer membrane components while others become integral membrane 
proteins; transfer of some proteins to the sperm plasma membrane may be mediated by 
epididymosomes. Nevertheless, the molecular pathways by which spermatozoa acquire 
fertilizing capacity during their transit through the epididymis remain ambiguous. In a 
recent study of stallion epididymal sperm, we found that sperm harvested from different 
parts of the epididymis (caput, corpus and cauda) had a varying, but generally poor, ability 
to undergo the acrosome reaction in vitro. At ejaculation, however, sperm mix with seminal 
plasma which contains various components, including the small membranous vesicles known 
as prostasomes, that may enable the sperm to undergo physiological activation. Seminal 
plasma components may have a ‘washing’ effect and help to remove ‘de-capacitation’ 
factors that coat the sperm during storage in the cauda epididymis; alternatively seminal 
plasma and prostasomes may contain factors that more directly promote sperm activation. 
This article reviews current information on the roles of epididymal and accessory gland 
fluids on the acquisition of fertilizing capacity by stallion sperm.
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Roles of the epididymis and prostasomes 

Introduction

During their passage from the testis to the site of fertilization in the oviduct, mammalian 
spermatozoa encounter a wide range of fluids of different origins and composition (e.g. 
testicular and epididymal fluids, seminal plasma and oviductal fluid). These fluids have a 
major influence on post-testicular development and induce a range of temporally controlled 
maturational changes that allow sperm to develop fertilizing capacity, and culminate in the 
induction of capacitation. As a result of these changes, spermatozoa are transformed from 
immotile cells incapable of fertilization to vigorously active cells capable of binding to and 
fusing with an oocyte. 

In mammals, the epididymis has numerous inter-related functions including 
reabsorption of the fluid secreted by the seminiferous tubules, and the maturation and 
storage of sperm [1]. Studies on the role of the epididymis in sperm maturation have 
focused on the secretory activity of the epithelial cells lining the duct, the composition of 
the luminal fluid and the influence of this fluid, or its components, on immature sperm.

The majority of proteins entering the epididymis from the rete testis are reabsorbed in 
the initial segment of the caput epididymis. As a result, most proteins found in epididymal 
fluid are secretory products of the epididymal epithelium [2]. During epididymal transit, 
spermatozoa acquire new proteins, some of which are coating proteins that can be 
removed by washing with isotonic or hypertonic solutions, while others are incorporated 
as integral membrane proteins; this latter group includes the glycosylphosphatidylinositol 
(GPI)-anchored proteins, the transfer of which to the sperm plasma membrane is thought 
to be mediated by epididymosomes. 

Maturation of sperm during their transit through the epididymis can be evaluated by 
assessing the progress towards the expected endpoints, namely the acquisition of motility 
and the ability to recognise, bind to, and penetrate the zona pellucida and fuse with an 
oocyte. In most species, spermatozoa attain their full fertilizing potential in the proximal 
cauda epididymis [3]. In horses, however, this does not seem to be the case. Although the 
first pregnancy reported following the use of frozen-thawed stallion sperm was achieved 
using epididymal sperm [4], subsequent studies have suggested that the fertility of stallion 
epididymal spermatozoa is significantly less than that of ejaculated sperm [5]; moreover, 
any deficiencies cannot be overcome by simply depositing the sperm hysteroscopically 
closer to the site of fertilization [6]. This is disappointing because there is considerable 
current interest in preserving sperm from the cauda epididymis of stallions that either die 
suddenly or are electively castrated, with the intention of using the sperm subsequently for 
routine artificial insemination.

This review focuses on the major sequential modifications of sperm during their transit 
through the epididymis, and concentrates on the role of epididymal proteins in maturation 
and the acquisition of fertilizing capacity by stallion epididymal sperm. 
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The structure of the epididymal duct
Embryologically, the epididymis is derived from the tissue that formed in some primitive 
animals the mesonephros, a primitive kidney. Anatomically, it is a tightly coiled tube that 
connects the efferent ducts that exit the rear of a testicle to the vas deferens. In the stallion, 
the epididymis has a total length of approximately 70 meters [7] and, as in several other 
mammalian species, it can be divided into a number of anatomically distinct segments 
or regions, i.e. the initial segment, caput (head), corpus (body), cauda (tail) and the vas 
deferens; the anatomical divisions do not, however, necessarily relate to function. Along 
its entire length, the epididymal lumen is lined by a pseudostratified epithelium composed 
of principal and basal cells, while other cells such as apical, narrow, clear and halo cells 
(intra-epithelial lymphocytes) are present in a segment-specific manner. Together, the 
luminal epithelial cells perform several important roles necessary for epididymal function 
[8], including protein secretion and absorption (principal cells), endocytosis (clear cells), 
secretory activities responsible for acidifying the luminal fluid (clear cells and narrow 
cells), immune defence, phagocytosis and production of antioxidants (basal cells). In 
fact, the majority of epithelial cells (85%) are tall columnar principal cells characterized 
by structures associated with absorption, such as prominent stereo-cilia on their apical 
surface and vesicles and lysosomes within the cytoplasm, and by structures characteristic 
of protein secretion, such as rough endoplasmic reticulum and a large Golgi complex. While 
the principal cells show conspicuous morpho-functional differences in different regions of 
the epididymis, they uniformly form tight junctions in their apical region that are largely 
responsible for creating an epididymal duct barrier. The combination of this physical 
barrier, the multiple functions of the cells lining the epithelium, and the changes in cell 
type and functions along the length of the duct results in a highly specialized epididymal 
environment for sperm transport, maturation and storage.

Although the length of the epididymis varies between species [9], the mean duration 
of epididymal sperm transit is surprisingly constant at around 9-11 days. In stallions, 
epididymal transit time has been reported to vary between 5 and 14 days [8]. Movement of 
spermatozoa through the epididymis is primarily due to continuous peristaltic contractions 
of smooth muscles in the wall of the caput and corpus epididymis. In the cauda, the 
epididymal duct smooth muscles are generally quiescent, unless stimulated to contract.

The function of the caput and corpus regions is considered to be sperm maturation 
per se, whereas the cauda region is thought to be primarily involved in sperm storage 
prior to ejaculation. In the cauda, the specific luminal environment allows spermatozoa 
to survive for several weeks [10], primarily by maintaining metabolic quiescence and 
preventing premature sperm activation. During the storage period, the cauda epididymides 
accumulate sperm to ensure that a ‘sufficient’ number is available at the time of ejaculation. 
The volume of the cauda epididymis therefore broadly reflects the sperm storage capacity 



49

Roles of the epididymis and prostasomes 

of the male tract. In bulls and stallions, the number of stored sperm is roughly sufficient for 
10 ejaculates [11].

Epididymal function is regulated by androgens, such as dihydrotestosterone and, in 
the stallion, also probably by estrogens. In stallions, androgen receptors are distributed 
throughout the reproductive tract (in the testis, epididymis, and prostate: [12]), 
whereas estrogen receptor distribution is both age and tissue/segment dependent [13]. 
Dihydrotestosterone may be produced locally within the epididymis because the principal 
cells, particularly in the initial segment of the epididymis, contain 5α-reductase [14]. 
However, luminal fluid reabsorption in the efferent ductules and in the caput region of 
the epididymis appears to be regulated principally by estrogens [15]. Although epididymal 
function is predominantly regulated by testicular steroid hormones, it is also affected by 
scrotal temperature, and it has recently been suggested that the sperm themselves may 
influence epididymal function [16].

Maturation of spermatozoa within the epididymis

Epididymal function and sperm maturation

In most vertebrates with internal fertilization, the epididymis is critical for post-testicular 
maturation and storage of sperm, at least in part because of the slow rate of spermatogenesis 
[17]. Although very few aspects of epididymal function have been studied in the stallion, 
the combination of these few studies and data from other species does allow us to 
propose a basic framework for how sperm maturation is modulated during epididymal 
transit. Spermatozoa formed during spermatogenesis and spermiogenesis in the testis are 
quiescent and, therefore, play no active role in their own transport through the epididymis. 
And while the secretory output of the testis is considerable, most of the fluid is reabsorbed 
in the efferent duct, the initial segment and proximal caput epididymides, in which passive 
fluid reabsorption is augmented by active ion exchange across the apical membrane of the 
epididymal cells [10]. 

Fully developed spermatozoa also collect in the initial segment of the epididymis, 
having made their way via the rete testis and efferent duct. These spermatozoa are 
either immotile or only weakly motile and are not yet capable of fertilizing an oocyte. 
The acquisition of fertilizing capacity during epididymal transit is the defining process of 
sperm maturation, where fertilizing capacity refers to the ability to fertilize a physiologically 
normal and structurally intact oocyte, either in vivo or in vitro. In general, it is not until they 
reach the proximal cauda epididymides that the majority of sperm attain their full fertilizing 
potential [18]. Sperm maturation includes many changes in physiological properties such 
as the acquisition of forward motility, and the ability to recognise and bind to the zona 
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pellucida and fuse with the plasma membrane of an oocyte.
A number of studies indicate that changes in both the structural and macromolecular 

composition of the sperm plasma membrane occur during epididymal maturation. The 
major visible change in the sperm is the shedding of the cytoplasmatic droplet. Sperm in 
the cauda epididymis still possess the droplet of residual cytoplasm that remains after the 
reshaping of the cell during spermiogenesis. In most species, the droplet moves distally 
along the flagellum during epididymal passage and is shed prior to or during ejaculation. 
Ultrastructural investigations have also revealed that the appearance and topographical 
configuration of the sperm plasma membrane are altered during epididymal transit [19, 
20]. This typically involves a reduction in size and a change in shape of the apical segment, 
changes in the appearance of the acrosomal contents [21], and changes in the density and 
distribution of membrane particles [22]. In addition, the acrosome undergoes structural 
remodelling during which several proteins undergo post-translational processing and 
compartmentalization in a stage-specific fashion [23]. 

Many sperm biochemical characteristics are also modified during epididymal 
transit. Major modifications include changes in the plasma membrane composition of 
glycoproteins and sterols [24], extensive cross-linking of nuclear protamines by disulphide 
bonds [25], an increase in total surface negative charge, relocation of surface antigens, and 
addition, elimination or modification of surface proteins [26]. The maturational changes 
in plasma membrane phospholipid composition include a selective and progressive loss of 
phospholipids during epididymal transit that results in an elevated proportion of cholesterol 
[27]. The elevated cholesterol content combined with active maintenance of an asymmetric 
phospholipid distribution stabilises the membrane of the mature sperm for storage in the 
cauda epididymis [28]. Membrane alterations during epididymal maturation are, however, 
not limited to the plasma membrane of the sperm head. Adsorption and/or integration of 
several glycoproteins and peptides are also observed in the plasma membrane of the tail 
[18]. 

Motility of epididymal spermatozoa

Sperm acquire the ability to become motile during epididymal maturation, and it is thought 
that phosphorylation and de-phosphorylation events in sperm flagella proteins play a role 
in these motility changes [29]. The changes are regulated by intracellular mediators such as 
cyclic AMP, calcium and pH, derived from the epididymal environment. Sperm structures like 
the outer dense fibres of the flagellum are stabilized by disulphide linkages which result from 
phosphorylation events triggered by the oxidation of thiol [30]. Protein phosphorylation is 
the net result of the actions of protein kinases and phosphatases, and immotile sperm 
in the caput epididymis have significantly higher protein phosphatase activity than motile 
sperm in the cauda epididymis. For example, the protein phosphatase isoform, PPlγ2 
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(PP1γ), is enriched in spermatozoa and testis, but its catalytic activity, phosphorylation and 
binding to regulatory proteins all change during epididymal maturation. Moreover, because 
decreased PP1γ2 enzyme activity is associated with increased motility, PP1γ2 is thought to 
be a key protein for regulating sperm motility [31]. Indeed, targeted disruption of the PP1γ 
gene in mice results in male sterility characterized by sperm tail malformation [32].

The composition of epididymal fluid

Within the epididymis, sperm encounter an environment that changes progressively in 
composition along the length of the duct. Moreover, regional specificity of epididymal fluid 
composition is maintained by a combination of active secretion and reabsorption combined 
with restricted exchange between the luminal compartment and blood plasma, as a result 
of the tight junctions between the epithelial principal cells [33].

Proteins in epididymal fluid

The sperm plasma membrane undergoes profound changes during epididymal transit, both 
in protein composition and localization [9, 34]. While spermatogenesis in the testis is under 
genomic regulation by the gamete, after the cell reaches the elongated spermatid stage, 
the DNA begins to condense such that DNA transcription slows and then stops. As a result, 
sperm leaving the testes are likely to have very limited biosynthetic capacity, such that 
during subsequent differentiation stages in the epididymis, sperm maturation is primarily 
regulated by interaction with the epididymal fluids [33]. 

Because almost all of the proteins that enter the epididymis in testicular fluid are 
reabsorbed in the initial segment, the proteins found in epididymal fluid are almost 
entirely a result of epididymal epithelial cell secretory activity. Moreover, proteomic 
analysis of epididymal fluid proteins collected by microperfusion has demonstrated that 
the epididymis has a very high secretory activity [33]. Indeed, it has been estimated that 
several hundred proteins are secreted into the epididymal lumen, and initial proteomic 
analysis of stallion epididymal fluid yielded 326 peptides corresponding to 117 proteins 
[35]. Most of these proteins are secreted in the caput region, which accounts for around 
73% of total epididymal secretion in the stallion. Secretory activity decreases markedly in 
the cauda epididymis. Interestingly, in all species studied to date, a significant proportion 
of total secreted proteins is accounted for by a relatively small number of proteins. In the 
stallion, 92% of total epididymal protein secretion takes the form of 18 proteins, these 
include; lactoferrin (41%), clusterin (25%), procathepsin D, cholesterol transfer protein, 
glutathione peroxidase, beta-N-acetyl-hexosaminidase and prostaglandin D2 synthase [33]. 
It has been suggested that the various epididymal proteins fulfil different roles, with some 
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directly modifying the sperm membrane surface or composition and others contributing 
to the preservation of sperm integrity. Epididymal proteins may alter the characteristics 
of the sperm plasma membrane either via transport / binding functions, e.g clusterin and 
cholesterol binding protein which bind hydrophobic compounds, or as a result of enzymatic 
activity, e.g. glycosidases, glycosyltransferases, proteases and protease inhibitors [33]. 

Epididymosomes and their proteins

The proteins that spermatozoa adsorb during their transit through the epididymis are 
classically referred to as ‘coating proteins’. Most coating proteins act as principal membrane 
components and can be removed from the sperm surface using isotonic or hypertonic 
solutions. However, some proteins behave like integral membrane proteins; many of 
this latter category are glycosylphosphatidylinositol (GPI)-anchored to the sperm plasma 
membrane, suggesting that the secreted epididymal proteins are transferred to the sperm 
by an unusual mechanism [11]. Frenette and Sullivan [36] proposed that the transfer of 
epididymal proteins to sub-cellular compartments of the sperm is mediated by small 
membranous vesicles, known as epididymosomes. Epididymosomes are electron dense 
vesicles secreted in an apocrine fashion and ranging between 50 and 500 nm in diameter. 
The proteins associated to epididymosomes are not processed through the endoplasmic 
reticulum and Golgi apparatus and are characterized by unusual glycosylation patterns. In 
addition, it is thought that these proteins lack a signal peptide at their N-terminal [26]. 

Epididymosomes are rich in cholesterol, with cholesterol:phospholipid ratios as high as 
2, and have sphingomyelin as their major phospholipid [37]. Epididymosomes contain lipid 
rafts, i.e. cholesterol and phospholipid-enriched microdomains [11]. These microdomains 
contain GPI-anchored and transmembrane proteins, as well as signalling molecules such 
as protein tyrosine kinases, and may serve as a platform for transferring the proteins 
from the epididymal epithelium to a maturing sperm [26]. Epididymosomes originate 
from the various regions of the epididymis and have corresponding differences in protein 
composition; this is reflected in the way they interact with, and the proteins they transfer 
to, sperm [38]. To date, however, very few epididymosome-associated proteins have been 
identified, and the precise functions of these exosomes therefore remain obscure.

One of the first proteins shown to be synthesized and secreted by the epididymal 
epithelium and also associated with sperm maturation was P26h in the hamster [39]. The 
P26h is involved in sperm-oocyte binding and its presence on the sperm is an absolute 
prerequisite for fertilization [40]. Moreover, P26h is found in epididymosomes and becomes 
GPI-anchored to the sperm surface of the acrosomal region during epididymal transit, via 
an as yet unknown mechanism [11]. While homologous proteins have subsequently been 
described in man (P34H; [41]), cattle (P25b; [42]) and monkeys (P31m; [43]), it now appears 
that P26h mRNA and protein are expressed at a relatively high rate in the testes of sexually 
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mature hamsters whereas the expression of P26h mRNA in the epididymis is much less 
[44]. The cellular origin of the P26h on the acrosome of sperm in the cauda epididymis 
remains, therefore, to be confirmed.

Another protein found in epididymosomes is HE5, which is among the few epididymal 
secretory products that has been cloned and shown to interact with maturing sperm in 
the epididymal lumen. With regard to cDNA sequence, HE5 is identical to the lymphocyte 
protein CD52; it is highly glycosylated and is the principal surface glycoprotein on sperm 
in the corpus and cauda epididymis [45]. HE5 transcripts are expressed in the corpus and 
cauda epididymis and the vas deferens, but not the testis [46]. In mature sperm, HE5 
possesses only 12 amino acids which are linked via the C terminus to a GPI-anchor inserted 
into the sperm plasma membrane [47]. HE5 protein is thought to be associated with human 
immunological infertility [26].

Type 5 glutathione peroxidase (GPX5) is a protein secreted by the caput epididymis in an 
epididymosome-associated form [11] and is thought to be involved in protecting epididymal 
sperm against oxidative stress. Similarly, SPAM1 (PH-20) is a glycoprotein synthesized by 
the principal cells [48] that associates with epididymosomes [11]. PH-20 is located on the 
sperm surface and in the acrosome, where it is bound to the inner acrosomal membrane. 
PH-20 is a multifunctional protein which can serve as a hyaluronidase, a receptor for 
HA-induced cell signaling, and a receptor for zona pellucida [49].

Enzymes of the polyol pathway, including aldose reductase and sorbitol dehydrogenase, 
have been identified in epididymosomes [50] and appear to be involved in a mechanism for 
modulating sperm motility during epididymal transit. 

 Macrophage migration inhibitory factor (MIF) is a protein found in rat [51], human 
[52] and bovine [53] epididymis and epididymal sperm. MIF has been localized within 
apical protrusions of epithelial cells, in epididymosomes and associated with sperm in 
the epididymal lumen, thereby supporting the hypothesis of apocrine secretion mediated 
protein transfer via epididymosomes [53]. Besides being a classical cytokine, MIF is capable 
of sustaining various other functions, depending on its sub-cellular or tissue distribution 
[53]. In the male rat, MIF plays a role during post-testicular sperm maturation and the 
acquisition of fertilizing ability by supporting the elimination of zinc from zinc-mercaptide 
complexes and by influencing the redox state of protein-bound sulphhydryl groups [51]. 
MIF is expressed along the entire epididymis with greater amounts of expression in the 
caput. 

In short, while proteomic studies have identified a number of proteins in epididymal 
fluid these represent only a small proportion of the total; a large number have still to be 
identified.
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Fertilizing ability of stallion epididymal spermatozoa

Sperm from the proximal segment of the epididymis are unable to fertilize oocytes in vivo 
or in vitro [18]. In the majority of species studied, these sperm are immotile and unable 
to either ‘recognise’ the zona pellucida or undergo acrosomal exocytosis, even when a 
calcium signal is provided artificially in the form of the ionophore, A23187 [54-57]. These 
immature sperm are also incapable of the cAMP-dependent tyrosine phosphorylation 
cascade that characterizes capacitation [58], thereby demonstrating that, at least in some 
species, sperm have to reach a certain stage of maturation before they can respond to 
Ca2+-influx and undergo the acrosome reaction; in the majority of species, sperm do not 
acquire fertilizing potential until they reach at least the mid-corpus [3].

In horses, sperm from the caput and corpus epididymides are almost completely unable 
to undergo the acrosome reaction in response to progesterone or calcium ionophore 
(unpublished data). More surprisingly, only a small proportion of sperm recovered from 
the cauda epididymides can undergo the acrosome reaction in response to progesterone 
(6.25%), calcium ionophore (13%) or a cAMP analogue (15%). One possible explanation 
for this marked difference to other species [57], is the apparent failure of stallion sperm 
from the cauda epididymis to exhibit membrane progesterone receptors [59]. However, 
because neither cauda epididymal nor ejaculated sperm are capable of protein synthesis, it 
seems very unlikely that the receptor is de novo generated during or after ejaculation, and 
much more likely that the receptor is rendered temporarily non-functional or ‘hidden’ by 
some coating molecule secreted within the epididymis. While some sperm from the cauda 
epididymis did undergo the acrosome reaction (6.25%), the amount was much less than 
that recorded for ejaculated sperm incubated identically (approximately 43 %: [60]). Of 
course, the main difference between cauda epididymal and ejaculated sperm is exposure to 
seminal plasma during ejaculation, and it has been proposed that seminal plasma contains 
sperm ‘activation’ factors that release sperm from a quiescent state induced for epididymal 
storage. In principal, it should be easy to prove or disprove this hypothesis by incubating 
sperm from the cauda epididymis in seminal plasma prior to incubation in conditions 
designed to induce capacitation (bicarbonate) or the acrosome reaction (progesterone, 
calcium ionophore, cAMP). A recent preliminary study in our laboratory suggests that 
incubating sperm from the cauda epididymis with seminal plasma does indeed result in an 
increase in the proportion of sperm able to capacitate and undergo the acrosome reaction 
(unpublished data).

Prostasomes

Just like epididymal fluids, seminal plasma contains vesicular structures. In men and 
stallions, the vesicular fraction is believed to consist primarily of prostasomes, ranging in 



55

Roles of the epididymis and prostasomes 

diameter from 130 to 180 nm [61, 62]. In men, these vesicles are thought to be produced 
by prostatic epithelial cells, in which they accumulate in so-called storage vesicles that 
resemble multivesicular bodies [63, 64]. After exocytosis into the prostatic lumen, the 
prostasomes mix with the ejaculate. 

The single membrane surrounding a prostasome is richer in cholesterol, sphingomyelin 
and saturated fatty acids than a normal somatic cell plasma membrane [65], and proteomic 
analysis of human prostasomes has yielded 139 proteins [66]. Although none of these 
proteins is truly specific for prostasomes, 34% are enzymes and the activity of prostasomic 
enzymes, such as dipeptidyl peptidase IV (DPP IV, CD26), is now often used to identify 
prostasomes [67].

Although the exact function(s) of prostasomes is not known, several reproductive roles 
have been proposed [68], including the enhancement of sperm motility [69]. Prostasomes 
have also been reported to either prevent the sperm acrosome from becoming responsive 
to progesterone, via their greater cholesterol content [70], or conversely to stimulate 
the acrosome reaction when sperm and prostasomes are mixed at pH 5.5 [71]. However, 
while a pH of 5.5 appears to promote sperm-prostasome fusion, the latter observation is 
questionable since a pH of 5.5 is not physiological. Prostasomes may also indirectly affect 
fertilization, for example by protecting sperm from immune cell attack within the female 
reproductive tract. In this respect, several inhibitors of the complement pathway are found 
on prostasomes and could prevent complement mediated lysis of sperm [72, 73]. Some of 
these complement regulatory proteins (e.g. CD55 and CD59) are GPI-anchored [74] and 
could, therefore, be transferred to the sperm cell surface by a mechanism similar to that 
proposed for epididymosomes. In addition, prostasomes inhibit lymphocyte proliferation 
[75] and modulate neutrophil and monocyte phagocytosis [76]. Finally, prostasomes have 
been described to exhibit antibacterial, antioxidant and virus neutralizing activities [73, 77, 
78]. We have recently isolated and characterised prostasomes from stallion seminal plasma 
with the aim of studying their effects on sperm activation and recognition by immune cells.

Conclusion

In most mammalian species, maturation of sperm in the epididymis is an essential step in 
the development of progressive motility and fertilizing capacity. This maturation appears 
to result from modification of the sperm plasma membrane and flagellum induced by the 
ionic environment and/or the presence or absence of specific macromolecules within 
the epididymal lumen. Epididymal secretion induced remodelling of the sperm plasma 
membrane proteome almost certainly plays a major role in this maturation process. 

Both epididymal and seminal fluids and membranous vesicles have been postulated 
to inhibit sperm capacitation via de-capacitation factors that coat the sperm surface and 
prevent the sperm from responding appropriately to capacitating stimuli. During in vitro 
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fertilization (IVF), sperm are washed through a discontinuous density gradient and placed 
in a defined oviduct-like medium in an attempt to mimic the removal of de-capacitation 
factors that must occur in the female reproductive tract to enable fertilization. However, 
as this review should clarify, the actual process of sperm preparation for fertilization is 
probably much more complicated because: (i) Epididymal factors appear to be essential for 
sperm-zona binding, while (non-epididymal) seminal plasma factors also influence fertility; 
(ii) Other factors or vesicles present in epididymal and seminal fluids inhibit capacitation 
and stabilise the sperm membranes to protect them during storage and prevent premature 
activation during physiological transport. In summary, epididymal and accessory gland fluids 
have poorly understood but intriguing and complex functions in optimizing male fertility. 
Future studies should aim to determine the role of specific epididymal or accessory gland 
components in the maturation and activation of stallion sperm and to clarify the role of 
apocrine secreted vesicles such as epididymosomes and prostasomes on sperm maturation 
and function. 
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Abstract

In addition to sperm cells, seminal fluid contains various small membranous vesicles. These 
include prostasomes, membrane vesicles secreted by prostate epithelial cells. Prostasomes 
have been proposed to perform a variety of functions, including modulation of (immune) 
cell activity within the female reproductive tract and stimulation of sperm motility and 
capacitation. How prostasomes mediate such diverse functions, however, remains unclear. 
In many studies, vesicles from the seminal plasma have been categorized collectively as 
a single population of prostasomes; in fact, they more likely represent a heterogeneous 
mixture of vesicles produced by different reproductive glands and secretory mechanisms. 
We here characterized membranous vesicles from seminal fluid obtained from vasectomized 
men, thereby excluding material from the testes or epididymides. Two distinct populations 
of vesicles with characteristic sizes (56 ± 13 nm vs. 105 ± 25 nm) but similar equilibrium 
buoyant density (~ 1.15 g/ml) could be separated by using the distinct rates with which 
they floated into sucrose gradients. Both types of vesicle resembled exosomes in terms of 
their buoyant density, size and the presence of the ubiquitous exosome marker CD9. The 
protein GLIPR2 was found to be specifically enriched in the lumen of the smaller vesicles, 
while annexin A1 was uniquely associated with the surface of the larger vesicles. Prostate 
stem-cell antigen (PSCA), a prostate specific protein, was present on both populations, 
thereby confirming their origin. PSCA was, however, absent from membrane vesicles in 
the seminal fluid of some donors, indicating heterogeneity of prostasome characteristics 
between individuals.
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Introduction

In addition to sperm cells and soluble molecules, mammalian semen contains a variety of 
membranous vesicles. Among these are prostasomes [1, 2] and epididymosomes [3], which 
are derived from prostatic and epididymal epithelial cells respectively. Other tissues within 
the male genital tract, such as the vesicular glands, which produce the majority of seminal 
fluid, and the vasa deferentia, may also contribute membrane vesicles to the seminal 
plasma [3, 4]. In this respect, while the term prostasomes is often used to refer to the 
collective array of membrane vesicles isolated from seminal plasma [5-8], it would be more 
appropriate to define prostasomes as those membrane vesicles that are actually produced 
by the prostatic epithelium. Prostasomes are ~ 0.1 μm vesicles that have been proposed 
to be formed within multivesicular bodies in prostate epithelial cells and released into the 
seminal fluid following fusion of these multivesicular bodies with the plasma membrane of 
the containing cell [1, 9, 10]. As such, prostasomes can be classified as exosomes. Exosomes 
are secreted by many different cell types [9] and have been found in most other body 
fluids, including blood, urine, saliva, cerebrospinal fluid and peritoneal fluid in patients with 
malignant ascites [11-16].  

Unlike prostasomes, epididymosomes have a diameter up to 250 nm and are 
thought to be shed directly from the plasma membrane of epididymal epithelial cells 
[17]. In general, membrane vesicles that are released by shedding from the cell plasma 
membrane are referred to as microvesicles or ectosomes [16]. According to this definition, 
epididymosomes are microvesicles/ectosomes rather than exosomes. Epididymosomes are 
known to transfer proteins from the epididymal epithelium to passing sperm cells [18]. 

Prostasomes have been proposed to function in many different processes [19], 
including stimulation of sperm cell motility [20] through delivery of Ca2+ signaling tools [21], 
and either inhibition [22] or stimulation [23] of the acrosome reaction. Prostasomes could 
also help to protect sperm cells from immune responses within the female reproductive 
tract by, for example, inhibiting the complement pathway [24, 25], inhibiting lymphocyte 
proliferation [26], inhibiting monocyte and neutrophil phagocytosis [27] possibly via 
contained immunomodulatory proteins such as galectin-3 [8] or CD48 [28]. Although it 
is possible that a single type of prostasome is able to function in a variety of seemingly 
unrelated processes, we consider it more likely that distinct populations of vesicles carry out 
different tasks. Understanding the function of seminal membrane vesicles in reproductive 
processes would therefore benefit greatly from a better characterization of the distinct 
populations of vesicles present. We therefore set out to develop procedures to isolate 
and characterize subtypes of membrane vesicles from human seminal fluid. To exclude 
contamination by sperm and epididymis-derived membrane vesicles, we used seminal 
plasma from vasectomized men as starting material. From this source, two distinct types of 
prostasomes could be defined based on their size and molecular composition. 



Chapter 3

66

Material and methods

Prostasome isolation and fractionation

Informed consent was obtained from all the patients, and the investigations were approved 
by the Medical Ethics Committee at Meander Medical Centre. Human semen was obtained 
from vasectomized men following a postoperative period of >3 mo and an indication of 
at least 15 ejaculations. After centrifugation at 3000 x g for 10 min, the absence of sperm 
cells in the pellet was considered indicative of the absence of any residual material from 
the testes or epididymides. The resulting supernatants were pooled from five to seven 
patients per batch, diluted 1:1 in phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM 
KCl, 10 mM Na2HPO4, 2mM KH2PO4, pH7.4) and cleared of large particles by centrifuging 
twice at 10 000 x g for 20 min.  To collect membrane vesicles and separate them from 
soluble proteins, the supernatant was loaded onto 3 ml of 0.7 M sucrose in PBS containing 
1 mg/ml bovine serum albumin (PBS/BSA), that itself had been overlaid onto 4 ml of 2 M 
sucrose in PBS/BSA. The layered tube was then centrifuged at 100 000 x g for 75 min in 
an SW28 rotor (Beckman Instruments, Inc.). The membrane-containing fraction (1-2 ml) 
was collected from the interface between the two sucrose layers. For size fractionation, 
membrane fractions were applied onto a 700 x 26 mm preequilibrated Sephacryl S-1000 gel 
filtration column (GE Healthcare) and eluted with PBS/BSA containing 0.02% sodium azide 
at 4°C. Eluted column fractions of 2 ml were analyzed for the presence of total protein, CD9 
and prostate stem-cell antigen (PSCA), as described below. 

In a subsequent fractionation step, column fractions containing CD9 and PSCA were 
pooled and collected by ultracentrifugation at the interface of a 0.7 M/2.0 M sucrose block 
gradient as described above. Membrane vesicles were then separated on linear sucrose 
density gradients either by sedimentation or floatation. For sedimentation experiments, 
vesicles were diluted with PBS/BSA, loaded on top of a linear sucrose gradient (2.0-0.4 
M sucrose in PBS/BSA) in a SW60 tube (Beckman Instruments) and centrifuged for 62 
h at 190 000 x g. For floatation experiments, solid sucrose was dissolved in the isolated 
interface from the 0.7 M/2.0 M sucrose block gradient to a final concentration of 2.5 M. 
The contained vesicles were then floated into an overlaid linear sucrose gradient (2.0-0.4 
M sucrose in PBS plus 1 mg/ml BSA) by centrifugation either in a SW60 or SW40 tube 
(Beckman Instruments) for 64 or 16 h at 190 000 x g as indicated. Gradient fractions of 1 
ml were collected from the bottom of the tubes and analyzed for the presence of protein, 
CD9 and PSCA as described below. Fraction densities were determined by refractometry. 
When indicated, prostasomes from individual vasectomized donors were collected directly 
from seminal fluid by sedimentation at 100 000 x g for 45 min (TLA-55 rotor; Beckman 
Instruments) after large particles had been cleared by centrifugation for 12 min at 10 000 
x g. 
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SDS-PAGE, immunoblotting, and silver staining

For Western blotting, samples were separated by 12.5% SDS-PAGE and transferred to 
polyvinylidene difluoride (PVDF) membranes (Millipore). PVDF membranes were blocked in 
PBS containing 5% (w/v) nonfat dry milk (Protifar plus; Nutricia) and 0.1% (v/v) Tween-20. 
For detection of CD9, blots were probed either with and immunolabelled in the same buffer 
with mouse anti-human CD9 (clone HI9a; Santa Cruz Biotechnology Inc.), which recognizes 
only nonreduced CD9, or rabbit anti-human CD9 (1:500; Abcam), which sees only reduced 
CD9. Other blots were probed with mouse anti-human PSCA (clone 7F5; 1:1000; Santa 
Cruz Biotechnology Inc.), rabbit anti-human PSCA (1:250; Acris Antibodies Inc.), rabbit 
anti-human GLIPR2 [29] (1:5000), or mouse anti-human annexin A1 (clone 29; 1:250; BD 
Biosciences) [30].  Primary antibodies were probed with horseradish peroxidase-conjugated 
secondary antibodies (1:10 000; Pierce Biotechnology) and detected using Supersignal west 
pico chemiluminescent substrate (Pierce Biotechnology) on film or with a ChemiDocXRS 
device (Bio-Rad). For total protein detection, gels were fixed in 50% ethanol plus 5% acetic 
acid for 1 hour and silver stained. 

Mass spectrometry 

Bands were excised from silver stained gels, reduced with dithiothreitol, alkylated with 
iodoacetamide, and digested with trypsin (Roche) as described [31]. Samples were 
subjected to nanoflow LC (Eksigent) using C18 reverse phase trap columns (Phenomenex; 
column dimensions 2 cm x 100 µm, packed in-house) and subsequently separated on C18 
analytical columns (Dr. Maisch HPLC Gmbh; Reprosil column dimensions, 20 cm x 50 µm; 
packed in-house) using a linear gradient of 0% to 40% B in A (A = 0.1 M acetic acid; B = 
95% (v/v) acetonitrile, 0.1 M acetic acid) for 60 min and at a constant flow rate of 150 nl/
min. Column eluate was directly coupled to a LTQ-Orbitrap-XL mass spectrometer (Thermo 
Fisher Scientific) operating in positive mode, using Lock spray internal calibration. Data were 
processed and subjected to database searches using MASCOT software (Matrixscience) 
against Swiss Prot and nonredundant NCBI database, with a 10 ppm mass tolerance of 
precursor and 0.8 Da for the fragment ion.

Sizing of membrane vesicles by nano-particle tracking analysis

For vesicle size determination by nanoparticle tracking analysis (NTA), the Brownian motion 
of the vesicles was followed using the NanoSight LM10SH (NanoSight), equipped with a 
sample chamber with a 532 nm laser. The samples were measured for 180 s at 20°C. The 
shutter and gain were adjusted manually and were equal for all the measurements. The 
data was captured and analyzed using the Nanoparticle Tracking Analysis 2.1 software 
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(NanoSight). At least six individual measurements with a total of at least 2500 tracks for 
individually traced particles were detected for each condition. 

Immunoelectron microscopy

For electron microscopic analysis, whole mount preparations were made essentially 
as described previously [32]. In short, isolated vesicles were diluted in PBS, collected by 
centrifugation at 107 000 x g for 35 min in a TLA-55 rotor (Beckman Instruments), and 
resuspended in PBS. Vesicles were bound to Formvar-carbon coated copper grids (CMC) 
for 20 minutes, washed with PBS and blocked for 30 min in PBS containing 5% BSA and 
0.1% cold water fish skin gelatin (Sigma-Aldrich Chemie Gmbh). Subsequently, grids were 
probed with either 5 µg/ml anti-PSCA antibody (clone 7F5) or 10 µg/ml anti-CD9 antibody 
(clone MM2/57) in PBS containing 0.1 % acetylated BSA and then washed with the same 
buffer. For PSCA labeling, grids were subsequently probed with 50 µg/ml rabbit anti-mouse 
immunoglobulins (DakoCytomation) as bridging antibodies. All grids were labeled with 20 
nm protein A gold (CMC) in incubation buffer. After labeling and washing, the grids were 
fixed with 4% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer 
(pH 7.6), washed with water and treated with 2% uranyl acetate as contrast medium. 
Samples were imaged using a Tecnai10 electron microscope (FEI) equipped with a SIS CCD 
MegaView II camera. Images were analyzed using AnalySISpro software (Olympus). Tiff 
images were contrast enhanced using a CLAHE plug-in and particle measurement (> 100 
vesicles per group) was performed using ImageJ 1.43m software. Average Feret diameters 
were compared using an independent samples t-test, and percentages of electron dense 
vesicles with a Χ2- test (SPSS 16.0 software). 

Results

Seminal fluid was obtained from healthy vasectomized men, thereby excluding potential 
contributions from the testis and epididymis. Membrane vesicles in pooled seminal 
fluid from five to seven donors were first isolated and separated from soluble molecules 
by ultracentrifugation through 0.7 M sucrose layered on to a 2 M sucrose cushion, to 
prevent membrane aggregation. Membrane vesicles were collected from the 0.7 M/2 M 
sucrose interface and fractionated by size using a Sephacryl S-1000 gel filtration column. 
Protein-containing fractions were identified and immunoblotted for CD9 and PSCA (Figure 
1A). CD9 and PSCA have both previously been identified on membrane vesicles from human 
seminal plasma using a mass spectrometric approach [33]. In addition, the tetraspanin 
membrane protein CD9 was used as a presumptive marker protein for prostasomes 
because of its ubiquitous presence on exosomes from many other sources [34, 35]. Both 
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CD9 and PSCA partly eluted in the void volume (fractions 28-32), whereas the majority was 
retained by the column and eluted in later fractions. The major band for non-reduced CD9 
migrated at approximately 24 kDa, matching the mobility of CD9 in exosomes from other 
sources, including urine (data not shown). The antibody used only detects nonreduced 
CD9 and labeled  two additional minor bands, that ran just above and below the major 24 
kDa band. These bands represented CD9 molecules with different intramolecular disulfide 
linkages [36], which was confirmed using another antibody that recognizes reduced CD9 
as a single band (Supplementary Figure 1). PSCA was detected on Western blots as smear 
running from 20 to 40 kDa, depending on its degree of glycosylation, which is consistent 
with previous reports [37]. Like CD9, PSCA was found both in the void volume and in 
retained fractions. Whole mount electron microscopic analysis indicated that membranes 
that eluted in the column’s void volume contained filamentous structures of about 300-400 
nm in length, heterogeneously sized large vesicles of up to 300 nm in diameter (average 
131 ± 57 nm), and aggregated smaller vesicles (Figure 1B). In contrast, pooled vesicles that 
eluted in fractions 44-54 were on average smaller (74 ± 26 nm) than those from the column 
void volume and were mostly not aggregated (Figure 1C). 

Membrane vesicles that eluted from the column in fractions 44-54 were pooled 
and further purified on density sucrose gradients. After spinning for 64 h at 190 000 x 
g, CD9 was recovered at a density of approximately 1.15 g/ml irrespective of whether 
the vesicles were loaded on top (Figure 2A) or at the bottom (Figure 2B) of the sucrose 
gradient, demonstrating that the vesicles had reached their equilibrium buoyant density. 
The same profiles were observed for PSCA (data not shown). Such equilibrium densities 
are characteristic of exosomes [16, 38]. By contrast, when the vesicles were floated from 
the bottom of the tube up into sucrose density gradients for only 16 h at 190 000 x g, two 
distinct populations were discerned (Figure 2C). One population contained CD9 and PSCA 
and floated into the gradient to fractions with densities of 1.09-1.16 g/ml, indicating that 
they had already reached their equilibrium density after 16 h of centrifugation. The second 
population also contained CD9 and PSCA but was recovered from the lower gradient 
fractions, with densities of 1.23-1.26 g/ml. The rate at which vesicles migrate to their 
equilibrium density is influenced not only by their intrinsic density, but also by their size. 
As a result, we suspected that vesicles in the lower gradient fractions were smaller than 
those that had migrated to the middle of the gradient after 16 hrs of centrifugation. Size 
determination by NTA indeed indicated that membrane vesicles from the lower gradient 
fractions were smaller (mean of 72 ± 0.21 nm, n=2 independent experiments) than those 
collected from the middle of the sucrose gradient (mean of 105 ± 13.0 nm). This method 
does not however discriminate between single and possibly aggregated vesicles. Therefore, 
accurate sizes of individual vesicles were determined by electron microscopy (Figure 3 and 
Table 1). Vesicles from the lower gradient fractions were indeed significantly smaller (56 
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Figure 1 (left). Fractionation by column chromatography
Membrane vesicles were collected from seminal plasma by ultracentrifugation and then separated 
by Sephacryl S-1000 column chromatography. A) CD9 and PSCA immunoblots of protein-containing 
fractions. Molecular weight markers are indicated in Mr x 10-3. B and (C) Representative whole mount 
transmission electron micrographs of membrane vesicles from pooled void volume fractions (28-34 
from A, presented in B) and retained membrane vesicles (pooled fractions 44-54 from A; presented in 
C). Bars = 500 nm. The data shown are representative of three independent experiments.

Figure 2. Fractionation on sucrose density gradients
Membrane vesicles from the pooled column fractions 44-54 in Figure 1A were loaded either on top 
(A) or at the bottom (B) of sucrose gradients and centrifuged for 62 h. C) Membrane vesicles were 
loaded at the bottom of a linear sucrose gradient and centrifuged for 16 h. CD9 and PSCA in gradient 
fractions were detected by immunoblotting as indicated. Molecular weight markers are indicated (Mr 
x 10-3) on the right of the image, and densities of the fractions (g/ml) are shown below the blots. The 
data shown are representative of six independent experiments.  
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± 13 nm) than those from the middle gradient fractions (105 ± 25 nm). Vesicles within 
the first pool (small vesicles) had an electron-lucent appearance, while most vesicles in 
the second pool displayed a more contrasted core. Many vesicles from both the lower 
and middle gradient fractions were positive for immunolabeling with colloidal gold for 
CD9. As a result of the relatively low average labeling density with gold particles (with 
an average of 1.3 gold particles per CD9-positive vesicle from high-density fractions and 
2.5 for vesicles from low-density fractions) however, this approach did not allow us to 
draw conclusions with regard to the possible presence of CD9-negative vesicles. Labeling 
efficiencies for PSCA were higher: 2.6 and 4.7 gold particles per PSCA labeled vesicle in 
high- and low-density fractions, respectively. Because only 14% and 36% of vesicles in the 
high- and low-density fractions, respectively, were labeled for PSCA, the data suggested 
that both PSCA-positive and PSCA-negative vesicles were present in  pooled donor samples. 
This prompted us to check whether there was heterogeneity in the degree to which PSCA 
is present on prostasomes from individual donors. Strikingly, while all the samples from 22 
individual donors contained CD9, 9 out of 22 donors either completely lacked or contained 
only very little PSCA on their presumptive prostasomes (Figure 4, indicating 12 from 22 
donors analyzed). The same person-to-person variability was detected with PSCA directed 
monoclonal and unrelated polyclonal antibodies, indicating that absence of a PSCA signal 
was not due to heterogeneity in the availability of epitopes between individuals.

Next, we searched for differences in molecular composition between small and large 
protasomes. To this end, proteins from sucrose gradient fractions from pooled donor samples 
were separated by SDS-PAGE and silver stained (Figure 5A). Several protein bands appeared 
to be exclusive for either high-density or low-density fractions. Such bands were excised 
from the gel and analyzed by mass spectrometry (LC-MS/MS). In high-density fractions, 
the following proteins were identified: GLI pathogenesis-related 2 (GLIPR2; gi 55662094), 
gamma-glutamyltransferase-like 4 isoform (gi 218505805) and prolactin-induced protein 
(gi 116642261). In low-density fractions we found sorbitol dehydrogenase (gi 46015225),  
annexin A1 (gi 57829895) and dicarbonyl/L-xylulose reductase (gi 119610138). To confirm 
whether these proteins are indeed selectively associated with either one of the two 
prostasomes populations, immunoblot analysis was required; while we failed to detect 
most of these proteins because of the lack of proper antibodies, we were able to confirm 
the identity of GLIPR2 (17 kDa) and annexin A1 (40 kDa) (Figure 5B). GLIPR2 was almost 
exclusively present on small prostasomes (Figure 5B). Given that GLIPR2 is a cytoplasmic 
protein, we expected it to be oriented towards the prostasome lumen. This orientation was 
confirmed by a protease protection assay; while GLIPR2 in intact prostasomes was resistant 
to exogenously added proteinase K, it was digested in the concomitant presence of the 
membrane disrupting agent 3-[(3-chloramidopropyl)dimethylammonio]-1-propanesul-
fonate (CHAPS) (Figure 6). In contrast to GLIPR2, Annexin A1 specifically associated with 
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fractions containing large prostasomes (Figure 5). Annexin A1, like GLIPR2, does not have a 
signal sequence, but is known to be secreted by the prostate via an unidentified alternative 
secretory pathway [39]. We found that Annexin A1, in contrast to GLIPR2, was already 
digested by proteinase K in the absence of CHAPS (Figure 6), indicating association with the 
prostasome exoplasmic surface.  

Discussion

This study demonstrates that membrane vesicles in seminal plasma of postepididymal 
origin are heterogeneous in terms of size and protein composition. Two distinct vesicle 

A B

C D

CD9

PSCA

high low

Figure 3. Membrane vesicles from high- and low-density fractions are distinct in size but both 
contain CD9 and PSCA
Two vesicle populations were separated by sucrose gradient fractionation as indicated in figure 2C. 
Vesicles from high- and low-density fractions were immobilized, immuno-gold labelled for CD9 or 
PSCA, and analyzed by whole mount transmission electron microscopy. Representative pictures from 
two independent experiments are shown. Labeled vesicles are indicated by arrows. Scale bars = 500 
nm.  Vesicle mean sizes and percentages of vesicles labelled for CD9 or PSCA are indicated in Table 1.
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populations were discerned and purified: 1) ~ 56 nm vesicles that are specific for the 
presence of GLIPR2, and 2) ~ 105 nm vesicles that specifically carry annexin A1. The 
characteristics of both vesicle populations, including the presence of CD9, their size range 
and characteristic equilibrium buoyant density, resemble those of exosomes [16, 38]. 
Like CD9, PSCA was detected in both populations, indicating the prostate as their origin 
and thereby qualifying them as prostasomes. The heterogeneity in size of these vesicles 
is consistent with the reported characteristics of prostasomes isolated directly from the 
prostate or from prostate tumors [1, 40].  

Membrane vesicles were isolated and purified from seminal fluid of healthy, 
vasectomized men, thereby excluding potential contributions from the testis and epididymis. 
In our first purification step, membrane vesicles of a size typical for exosomes (~50-100 nm) 
[16] were successfully separated from vesicle aggregates and larger membrane fragments 
by size-exclusion column chromatography. Vesicles with a diameter of up to 300 nm that 
separated in the void volume may include plasma-membrane derived microvesicles or 
apoptotic bodies [16, 41]. The retained vesicles were heterogeneous in size, in accordance 
with the structural heterogeneity of seminal membrane vesicles as recently described by 
others [33]. The latter study demonstrated three vesicle types based on morphological 
criteria observed by cryoelectron microscopic tomography: 1) 100-200 nm electron-dense 
vesicles with a smooth surface enveloping one or more secondary structures, 2) 50-200 
nm electron-lucent vesicles displaying a rough surface, and 3) up to 400 nm elongated 
electron-lucent vesicles. The first category most likely corresponds to, and includes, our 
~105 nm electron-dense vesicles; the second may include our ~56 nm electron-lucent 
vesicles, and the third presumably corresponds to the membranes that we discarded in the 
void volume from the Sephacryl S-1000 column. Our study demonstrates that the first two 
vesicle types can be separated by employing the different rates by which they floated into 
sucrose density gradients. 

Our study is the first to describe PSCA as a marker of membrane vesicles in seminal 

Table 1. Membrane vesicles separated by equilibrium density gradient centrifugation differ in size 
and presence of CD9 and PSCA

Parameter High density Low density
Feret diameter (nm) [mean ± SD] 56 ± 13 105 ± 25*
CD9+ (%)a 40% (1.3) 80% (2.5)*
PSCA+ (%)a 14% (2.6) 36% (4.7)*

a The percentage of vesicles from high and low density fractions that were labeled with ≥ 1 gold 
particle for CD9 or PSCA are indicated, along with the average number of gold particles per labeled 
vesicle (in brackets). 
* Values indicate significant differences (p < 0.01)
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Figure 4. PSCA is absent on prostasomes from some individual donors
Prostasomes were collected from the seminal fluid of individual donors (1-12) and immuno-blotted 
for CD9 (A). The samples were probed on parallel blots for PSCA using mouse anti-human PSCA (B) or 
rabbit anti-human PSCA (C). Molecular weight markers are indicated on the right (Mr x 10-3). 

plasma. PSCA is a glycophosphatidylinositol-anchored multiple N-glycosylated protein that, 
in addition to being found in the prostate is also expressed by some other tissues, including 
placenta, kidney and stomach. Its expression in the male reproductive tract, however, is 
confined to the prostate [42-44]. PSCA was previously found by mass spectrometric analysis 
to be present on membrane vesicles from human seminal plasma [33], but is also found in 
urine-derived exosomes [11]. We therefore considered the possibility that our seminal fluid 
samples might have been contaminated with urine-derived exosomes. However, although 
exosomes isolated from 20-ml urine samples from four independent male donors clearly 
contained CD9, PSCA could not be detected by immunoblotting, excluding the possibility that 
PSCA carrying vesicles isolated from seminal plasma originated from urine (data not shown). 
PSCA expression in the prostate is largely confined to its secretory epithelium [45], although 
one study reported also some expression by basal epithelial cells and neuroendocrine 
cells [46].  Given the prominent expression of PSCA by prostate epithelial cells, it is likely 
that isolated PSCA-carrying exosomes are derived from this source. The mechanism for 
translocation of prostasomes from the interior of the prostate epithelial cells to the acinar 
lumen involves exocytosis of multivesicular bodies [47], reminiscent of the mechanism by 
which exosomes are secreted by other cell types [16]. Interestingly, although all tested 
individual donors produced CD9-carrying exosomes in their seminal plasma, not all samples 
contained PSCA. The reason for this difference between donors remains unresolved. One 
possible explanation for the absence of PSCA-containing prostasomes is that prostates of 
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Figure 5. Small and large prostasomes have a distinct protein composition
Two vesicle populations were separated by sucrose gradient fractionation, as in Figure 2C, and 
analyzed by SDS-PAGE and silver staining (A). Proteins that appeared selectively enriched in either 
high-(arrows) or low-density fractions (arrowheads) were excised from the gel and analyzed by LC-MS/
MS. BSA (indicated by an asterisk) was added to the gradient to prevent vesicle aggregation and is 
thus present in all fractions. B) Confirmation of the near exclusive presence of GLIPR2 in high-density 
fractions and annexin A1 in low density fractions by immunoblotting samples of the fractions from 
the same experiment. C) To increase the signal for annexin A1, the experiment in B was repeated with 
more starting material. 
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some individuals may produce little if any PSCA. We found no correlation between the 
age (ranging from 32 to 53 yr) and the presence or absence of PSCA on prostasomes. 
PSCA expression in human prostate carcinoma is suppressed by androgen ablation [48]. 
Therefore, the presence of PSCA on prostasomes may be influenced by the androgen status 
of healthy donors. Given that prostasomes were routinely isolated from vasectomized 
healthy donors, and the vasectomy procedure does not include determination of serum 
androgen levels, we were unable to test whether the person-to-person variability of PSCA 
on prostasomes correlated with androgen titers in this study. As an alternative explanation 
for the lack of PSCA in prostasomes of some individuals, PSCA may fail to incorporate  due 
to alternate sorting during prostasomes biogenesis or to absence of prostasomes secretion 
altogether.  In the latter scenario, persisting CD9 containing vesicles may also originate 
from other sources. Semen contains products of the testes, epididymides, vasa deferentia, 
prostate, vesicular glands, and bulbourethral glands. Given that semen from vasectomized 
men was used as a source, membrane vesicles that are known to be produced by the 
epididymis  (i.e., epididymosomes) [17] as well as any that may be generated within the 
testis or shed from the plasma membrane of (developing) sperm cells can be excluded. 
By contrast, the vesicular glands, terminal vas deferens, or bulbourethral glands may all 
contribute membrane PSCA-negative CD9-positive vesicles [4] . 

The function of PSCA is unknown. PSCA-knockout mice are normally fertile [49], and 
PSCA does therefore not seem to play an essential role in reproduction. Interestingly, PSCA 
has been proposed to act as an inhibitor of tumor development [44] and metastasis [49]. 

proteinase K
CHAPS

+ +
+ +

-
+ -

-

GLIPR2

annexin A1

Figure 6. GLIPR2 locates to the luminal side, while annexin A1 is on the exoplasmic surface of 
prostasomes
Isolated prostasomes were incubated as indicated either in the absence or presence of proteinase-K 
and/or CHAPS, and then immunoblotted for GLIPR2 or annexin A1. Annexin A1 was already digested 
by proteinase K in the absence of CHAPS, indicating surface exposure. Digestion of GLIPR2 on the 
other hand required the additional presence of CHAPS, indicating its presence in the prostasomal 
lumen. 
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Such observations do not suggest any obvious function for PSCA on prostasomes. However, 
given that PSCA expression is contact dependent, its function might be related to cell 
adhesion [50]. Together with the current interest in PSCA as a biomarker for prostate cancer 
[51], our observation that PSCA is present on (a subset of) prostasomes of some individuals 
but not of others suggests that PSCA-positive prostasomes may be of value as a biomarker 
for the development of prostate hyperplasia or cancer. This is however beyond the scope of 
the current study. Prostate-specific antigen, which is an established biomarker for prostate 
cancer, was not detected on prostasomes in our study (data not shown). 

GLIPR2 was found to reside exclusively in the lumen of ~56 nm prostasomes. GLIPR2 
is well conserved among vertebrates and also known as GAPR-1 or C9orf19 [29, 52]. In 
man, GLIPR2 has been reported to be expressed particularly by leukocytes and in lung, 
suggesting a role in immunity [52]. GLIPR2 contains a sperm-coating protein (SCP) domain, 
also referred to as a CAP domain [53]. However, in contrast to other SCP/CAP domain 
containing proteins, such as GLIPR1 and the CRISP (cysteine-rich secretory proteins) 
proteins, GLIPR2 lacks a signal peptide and therefore cannot be secreted via the classical 
secretory pathway. Consistent with a cytosolic orientation [54, 55] we found GLIPR2 to be 
protected from protease treatment. CRISPs are particularly highly expressed in the male 
reproductive tract and have been implicated in sperm development, capacitation, motility 
and fertilization [56], as well as in protection against phagocytosis by neutrophils [57]. 
Seminal plasma is known to modulate both innate and acquired immune responses locally 
within the female reproductive tract to prevent immune-mediated destruction of healthy 
sperm cells [19]. Apart from anti-inflammatory compounds such as prostaglandin-E and 
TGFB [58], also prostasomes appear to have an immunomodulatory role [26, 28]. Similar to 
its proposed immunomodulatory function in leucocytes,  GLIPR2 in prostasomes may help 
preventing destruction of sperm by the female reproductive tract. 

We identified annexin A1 as a protein that is exclusively associated with the exoplasmic 
surface of the ~105 nm prostasomes. Annexin A1 is an anti-inflammatory protein that 
may regulate diverse processes including cell recruitment, phagocytosis, proliferation, and 
apoptosis [59]. Annexin A1 is a cytosolic protein that lacks a signal sequence for incorporation 
into the classical secretory pathway, but is known to be released by nonclassical secretion. 
Annexin A1 is expressed by many cell types but particularly by prostate epithelial cells, 
which actively and selectively secrete this protein into prostatic fluid [39]. It is possible that 
annexin A1-carrying prostasomes may help to suppress immune responses in the female 
reproductive tract in response to sperm. Interestingly, loss of annexin A1 expression by 
prostate cancer cells correlates with cancer progression [60, 61].

In conclusion, we have identified two distinct populations of prostasomes with 
presumably distinct but potentially convergent roles in immunomodulating the response of 
the female reproductive tract to sperm. The presence or absence of PSCA, annexin A1 and 
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GLIPR2 on prostasomes, together with the proposed correlations between the expression 
of these proteins and prostate cancer, warrant further investigations on the value of 
prostasome subtypes as biomarkers for both prostate disease and aspects of fertility. 
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Equal samples of prostasomes were solubilized in sample buffer either at non-reducing or reducing 
conditions as indicated and immuno-blotted with two distinct antibodies recognizing only non-reduced 
CD9 (A) or reduced CD9 (B). 
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Abstract

Prostasomes are vesicles secreted by prostate epithelial cells and found in abundance 
in seminal plasma. They regulate aspects of sperm cell function and are also thought to 
prevent immune-mediated destruction of sperm cells within the female reproductive tract. 
In a previous study, we isolated two populations of prostasomes from the seminal fluid 
of vasectomized men that differed both in size and protein composition. In the current 
study, we characterized the lipid content of these two prostasome populations. Both 
types of prostasome had an unusual lipid composition, with high levels of sphingomyelin, 
cholesterol and glycosphingolipids at the expense of, in particular, phosphatidylcholine. 
The different classes of glycerophospholipids consisted mainly of mono-unsaturated 
species. The sphingosine-based lipids, sphingomyelin and the hexosylceramides, were 
characterized by a near absence of unsaturated species. Principal component analysis 
revealed marked differences in lipid composition between the two types of prostasome, 
particularly with regard to the contributions of sphingomyelin and hexosylceramide 
isoforms. The differences in lipid composition of the two classes of prostasomes may, in 
combination with previously described differences in size and protein composition, reflect 
differences in their mechanism of formation or their function. 
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Introduction

Cells release extracellular vesicles either by shedding from the plasma membrane or by 
secretion from multivesicular endosomes [1, 2]. Here, we define exosomes as the 50-100 
nm vesicles that are initially generated as the intraluminal vesicles within multivesicular 
endosomes, and that are secreted as a consequence of the fusion of such multivesicular 
endosomes with the plasma membrane [2, 3]. Extracellular vesicles are released by many cell 
types and can be isolated from virtually all body fluids [2, 4-8]. Their physiological functions 
vary, depending in part on their cellular origin, from immune regulation to blood coagulation, 
cell migration, cell differentiation, and other aspects of cell-to-cell communication. The 
membrane of extracellular vesicles has an exoplasmic outward orientation, similar to the 
cell’s plasma membrane, thereby allowing these vesicles to interact with recipient cells via 
receptor-ligand interactions, either transiently or via a stable association [9, 10]. Bound 
vesicles may fuse with the target cell directly at the level of the plasma membrane [11] or 
after endocytosis [12, 13], thereby integrating their membranous and cytosolic contents into 
the target cell. Besides bioactive proteins, exosomes also contain RNA and bioactive lipids 
that can influence the function of target cells. Extracellular vesicles are also implicated in 
diseases such as tumor development and neurodegeneration. The quantity and molecular 
composition (proteins, RNAs and lipids) of extracellular vesicles are thought to reflect the 
status of their cell of origin, and they may therefore provide useful novel biomarkers for the 
detection and classification of certain diseases. 

The molecular machineries that are responsible for the formation and release of 
extracellular vesicles have not been fully resolved. Exosome-generating endosomes are 
clearly different to the multivesicular endosomes that traffic ubiquitinated membrane 
proteins to intraluminal vesicles for lysosomal degradation [14]. The latter process is driven 
by a series of cytosolic proteins known as the ‘endosomal sorting complexes required for 
transport’ (ESCRTs) [15].  Interestingly, exosome biogenesis appears to depend on ceramide 
synthesis due to sphingomyelinase activity rather than on the function of ESCRTs [16]. This 
is consistent with the relatively high concentrations of ceramide and derivatives thereof in 
exosomes [16]. In analogy to the role of lipids in the assembly of enveloped viruses [17], 
lipids also appear to be important determinants for the generation of extracellular vesicles 
from the plasma membrane. 

The extracellular vesicles that are generated by prostate epithelial cells and secreted 
into the prostate’s glandular lumen and finally into the seminal fluid are collectively 
termed prostasomes [18]. Prostasomes have the same ultrastructure as the intraluminal 
vesicles within ‘storage granules’ in prostate epithelial cells, and are thus considered to 
represent a class of exosomes. Prostasomes have been reported to modulate sperm cell 
function and to prevent immune-modulated destruction of sperm cells within the female 
reproductive tract [19-24]. Interestingly, prostasomes have an unusual lipid composition. 
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The main phospholipid in the prostasomal membrane is sphingomyelin (SM), whereas 
the plasma membrane of conventional mammalian cells contains more abundant 
quantities of phosphatidylcholine (PC) and phosphatidylethanolamine (PE) [25]. The 
prostasomal membrane also has an unusually high cholesterol content. The reported 
cholesterol:phospholipid ratios in human and equine prostasomal membranes are 2.0 and 
1.7 respectively, while the human sperm cell plasma membrane has a ratio of only 0.67 
[25, 26]. The fatty acids in the prostasomal membrane are mostly saturated (stearic and 
palmitic acid) or monounsaturated (oleic acid) [25]. Together with a high concentration 
of cholesterol, this high fatty acid saturation probably accounts for the very high stability 
of the prostasomal membrane [27]. Indeed it has been firmly established that the lipid 
structural order in membranes is largely determined by the cholesterol and SM contents 
and the degree of saturation of the phospholipid acyl chains [28]. The lipid composition 
of prostasomes resembles that of exosomes from other sources and may reflect the 
composition of the lipid rafts that are thought be important for exosome biogenesis and 
protein sorting within multivesicular endosomes [14, 29, 30]. The lipid composition of 
prostasomes may also contribute to several of their proposed functions. For example, 
prostasomes have been reported to serve as a cholesterol donor to the sperm cell plasma 
membrane, thereby preventing cholesterol loss from the latter, where cholesterol depletion 
is considered a critical step in capacitation [31]. Prostasomes thereby help postpone sperm 
cell capacitation and the acrosome reaction [32-34], processes that are indispensable for 
fertilizing capacity, until the appropriate time and place. Furthermore, prostasomes have 
been reported to protect sperm cells from being attacked by neutrophil granulocytes 
[20], possibly via transfer of cholesterol and/or sphingomyelin to the neutrophil plasma 
membrane [35, 36]. 

In a previous study, we have identified, isolated and characterized two different 
populations of prostasomes, with average sizes of ~56 nm and ~110 nm [37]. To exclude 
contributions from the testes and epididymis, these prostasomes were purified from 
seminal plasma from vasectomized human donors. In the current study, we report that 
these two classes of prostasomes differ significantly in lipid composition. 

Materials and methods

Prostasome isolation

Prostasome isolation and detection of CD9 and prostate stem cell antigen (PSCA) by 
immunoblotting were described previously [37], and performed with minor modifications. 
In short, human seminal fluid from vasectomized men was collected after informed consent. 
For each isolation run, ejaculates from four individual donors were pooled. Delipidated 
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BSA was used in all buffers. Prostasomes were collected by differential centrifugation and 
separated from contaminating molecules and membranes by size-exclusion chromatography 
on a Sephacryl S-1000 column (GE Healthcare, Diegem, Belgium). Membrane vesicles 
in fractions containing the prostasome markers CD9 and PSCA were pooled and then 
separated by flotation into overlaid 2.0-0.4 M linear sucrose gradients at 192 000 x g for 16 
h. Consistent with earlier observations, two separate populations each containing both CD9 
and PSCA were observed. Fractions 1-3 with densities 1.24-1.26 g/ml and fractions 7-8 with 
densities 1.13-1.17 g/ml, and containing ~50 nm and ~100 nm prostasomes respectively, 
were pooled separately. Pooled gradient fractions were diluted with phosphate buffered 
saline (PBS) and the prostasomes were pelleted at 100 000 x g for 60 min.  Supernatants 
were aspirated, leaving ~10 μl of the supernatant, and the pellets were snap frozen in liquid 
nitrogen and stored at -80 °C. For cryo-electron microscopic analysis, all supernatant was 
removed and the pellets were resuspended in 50 μl PBS and then snap frozen.

Cryo-electron microscopy 

Thawed prostasomes were diluted and adsorbed onto glow-discharged lacey formvar-carbon 
grids (Ted Pella, Redding, CA). Grids were drained of excess fluid and rapidly plunged into 
liquid ethane. Images were recorded with a Philips cryo-electron microscope (FEI Company, 
Eindhoven) operating at 120 KV with a 1024 × 1024 px ssCCD Gatan camera. Pixel size was 
calibrated with 2D crystals of purple membrane leading to a pixel size of 4.96 Å/pixel at 35 
000 magnification (3.86 Å/pixel at 45 000 x). Images were taken at 1.5-2 μm defocus.

Lipid analysis

Lipid standards were obtained from Avanti Polar Lipids (Allabaster, AL). All solvents were 
supplied by Biosolve (Valkenswaard, The Netherlands). Lipids from prostasome isolates 
were extracted using the method described by Bligh and Dyer [38], and stored dry under a 
nitrogen atmosphere at -20 °C until analyzed. 

Chromatography was performed on a Kinetex HILIC 50 x 4.6 mm with 2.6 µm fused core 
particles (Phenomenex, Torrance, CA). Approximately 100 pmol of lipid extract was injected 
into 1:1 chloroform:methanol (v/v) after equilibrating the column for 1 min in solvent 
B (Acetonitrile/H2O; 7:3, v/v) with 0.1 % formic acid and 50 mM ammonium formate). 
Immediately after injection, the solvent was replaced with 83% solvent A (Acetonitrile/
Acetone (9:1, v/v) with 0.1% formic acid). Subsequently, a linear gradient of 50% solvent 
A was created in 3.5 min, followed by 1.5 min isocratic elution at 50% solvent A. After one 
min of equilibration with solvent B, the next sample was injected. Flow rate throughout the 
procedure was 1 ml/min. The column outlet was connected to an atmospheric pressure 
chemical ionization source of a 4000 QTRAP mass spectrometer (AB Sciex, Foster City, CA). 
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Temperature was set to 475 °C and nebulizer gas to 60 at an inlet pressure of 5 bar and a 
needle current set to 1 μA. Declustering potential was set to 65 V. Full scan spectra were 
collected in the range from 400-1050 amu at a scan speed of 4000 amu/s. For quantitative 
analysis, relative response factors of lipid classes were determined using authentic 
standards.

Data were converted to mzXML format and analyzed using XCMS version 1.32.0 running 
under R version 2.13.2 [39-41]. Principal component analysis was also performed under 
R with package “pcaMethods” using a nonlinear iterative partial least squares (nipals) 
algorithm and pareto scaling [42].

Cholesterol levels were determined by reverse phase chromatography using a 15 minute 
gradient from methanol/water (50/50) to 2-propanol/acetone (80/20). 3-ketocholesterol 
was used as an internal standard. Mass spectrometry was performed in APCI multiple 
reaction monitoring mode using the transitions 369.3 → 161.1 and 385.3 → 109.1 at a 
collision energy of 32 V for cholesterol and internal standard respectively. Relative response 
factors for both components were determined using a 1:1 mixture of both standards.

Results and discussion

Prostasome membrane morphology

Prostasomes were isolated from human seminal fluid as described previously in three 
sequential steps: Differential centrifugation, size-selection chromatography and velocity 
centrifugation into sucrose gradients [37]. Consistent with previous results, two distinct 
populations of prostasomes, each containing the exosome characterizing tetraspanin 
protein, CD9 (Figure 1A), and the prostate specific protein, prostate stem cell antigen (PSCA; 
data not shown), were isolated: one population was recovered from gradient fractions 1-3 
and the other from fractions 7-9. As demonstrated previously [37], prostasomes in these two 
populations had different sizes, resulting in characteristic velocities with which they floated 
into sucrose gradients. Their equilibrium buoyant densities, as observed after prolonged 
centrifugation, were however similar at around 1.15 g/ml [37]. Samples of the two types of 
isolated prostasomes were analyzed by cryo-electron microscopy. Rapid and slow floating 
prostasomes had diameters of ~100 nm and ~50 nm respectively, consistent with earlier 
observations that were made by conventional whole mount electron microscopy on fixed 
prostasomes [37]. Importantly, by using cryo-electron microscopy, we could now clearly 
distinguish a membrane for both types of prostasomes. The thickness of the lipid bilayer, 
6.0 ± 0.5 and 6.2 ± 0.6 nm (n = 24 for each type), respectively for 50 nm and 100 nm 
prostasomes, did not differ significantly (p = 0.28), and is characteristic for lipid bilayers. 
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Lipid composition

To analyze the lipid contents of prostasomes, extracted lipids were separated by HPLC and 
ionized by atmospheric pressure chemical ionization (APCI). Ions that are formed using 
this procedure have a higher internal energy (temperature) than when generated by the 
more widely adopted electrospray ionization protocols [43]. As a result, extensive in-source 
fragmentation of lipids occurs: Phospholipid base peaks correspond to diacylglycerol-like 
fragment ions rather than [M+H]+ molecular ions (Figure 2). Since lipid class information 
is preserved by the retention time on the HPLC column, fragmentation does not lead to 
loss of information. In fact, with APCI, all phospholipid classes were clearly detectable 
in positive ionization mode, including acidic phospholipids such as PI that, when using 
electrospray ionization, can only be observed using negative ionization mode. Because 
of a superior signal-to-noise ratio observed using APCI and the fact that only APCI yields 
response factors for different lipid classes within the same order of magnitude, we choose 
APCI as the preferred ionization method.

1

A

B
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25

111098765432 12

Figure 1. Two types of prostasomes
Isolated prostasomes were loaded at the bottom of a linear sucrose density gradient and separated 
on the basis of distinct flotation rates during ultracentrifugation. (A) Gradient fractions were 
analyzed by immuno-blotting for the presence of CD9. Molecular weight markers are indicated 
(kDa) on the right of the image. Non-reduced CD9 migrated as a major band of 24 kD and two 
additional minor bands, running just above and below the major 24 kD band, due to differential 
intra-molecular disulfide linkages. Fractions 1-3 and 7-8 were pooled separately, representing small 
and large prostasomes respectively. (B) Small and large prostasomes were analyzed by cryo-electron 
microscopy. Representative examples from fractions 1-3 (left) and 7-8 (right) are shown. Bars, 50 nm.
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Automated peak detection and subsequent alignment of peaks by XCMS resulted in a 
total of 309 detected lipid features (Figure 2). It should be noted that although ceramides 
were detected, they were excluded from further analysis because their elution from the 
column was considered to be too close to the solvent front. Furthermore, it is important 
to realize that for some lipid classes, a single molecular species may lead to the formation 
of more than one lipid signal due to (incomplete) in-source fragmentation. For instance, 
the plasmalogen lipid plas-PE 34:1 was detectable both as a (quasi-) molecular ion [M+H]+ 
at m/z 702.6 and as its diacyl glycerol-like fragment ion [M-141-H2O+H]+ at m/z 543.5. In 
the case of abundant lipids, also isotope peaks (containing naturally occurring 13C) may be 
detected as separate lipid signals. Gangliosides could not be identified by this method and 
were therefore excluded from analysis.

Both types of prostasomes were found to have a characteristic lipid composition, in both 
cases characterized by high levels of sphingomyelin, cholesterol and monohexylceramides 
(HexCer; Table 1). In addition, very low levels of PC were noted, whereas phosphatidylserine 
(PS) contributed relatively heavily to the phospholipids of both types of vesicles, 
when compared to the composition of typical cell plasma membranes. All of the main 
glycerophospholipid classes consisted mainly of mono-unsaturated species. For instance, 
PS 36:1 contributed 81% of the total PS present in 50 nm prostasomes and 76% in 100 nm 
prostasomes. PC 34:1 accounted for 61% of total PC in 50 nm prostasomes and for 56% 
of PC in 100 nm prostasomes. Also for PE, the major species were 34:1 and 36:1, which 
contributed 23% and 24% in 50 nm prostasomes, and 31% and 20% in 100 nm prostasomes, 
respectively. The sphingosine-based lipids SM and HexCer were both characterized by a 
near absence of unsaturated species. In the ceramide portion of both lipid classes, and in 
both prostasome populations, 16:0 was the most abundant fatty acid (between 35% and 
40%), followed by 20:0, 22:0 and 24:0 (each contributing around 15%). Nervonic acid (24:1) 
was the most abundant unsaturated fatty acid in sphingolipids, contributing between 5% 
and 10% to this fraction. 

Cholesterol was quantified in separate experiments using reverse phase chromatography 
and mass spectrometry in APCI multiple reaction monitoring mode. Cholesterol content 
of prostasomes was extremely high with ~55 % for both types (Table 1). Collectively, 
our results concur with other reports on more crude prostasome preparations, that also 
reported a high SM and cholesterol content, and abundant presence of saturated and 
monounsaturated fatty acids [25, 26]. Cholesterol is a ‘decapacitating’ factor that prevents 
sperm cells from becoming responsive to progesterone-triggered induction of the acrosome 
reaction [31], and it is thought that prostasomes inhibit membrane reorganization during 
capacitation and the subsequent acrosome reaction by donating cholesterol to the sperm 
plasma membrane [34, 44]. Similar to prostasomes, exosomes from B cells [30], melanoma 
cells [11] and oligodendrocytes [16] are also enriched in cholesterol and SM, as compared 
to the plasma membrane of their parent cells. Ceramide, which is derived from SM by the 
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Figure 2. LC/MS analysis of prostasomes
Contour plots of LC/MS analysis of 100 nm (A) and 50 nm (B) prostasomes. Identified lipid classes 
are named. Note that HexCer1 is present abundantly in both small and large prostasomes but that, 
HexCer2, the exact nature of which remained unresolved, is almost exclusively present in small 
prostasomes. The figure is representative of three independent experiments. Quantifications are 
depicted in Figure 4 and Table 1.

A

B
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action of sphingomyelinase, is also highly enriched in oligodendrocyte exosomes and has 
been proposed to be involved in their formation within multivesicular endosomes [16]. 

Principal Component Analysis

Principal Component Analysis (PCA) is a mathematical procedure that is often used in 
multivariate analysis. It reduces complex, multidimensional datasets such as the lipidomic 
dataset discussed here, where each lipid signal corresponds to a dimension, to new variables 
(principal components) that are composed of combinations of the original variables. The 
main advantage of this technique is that the variance in the original dataset can be largely 
retained with a smaller number of these new principal components, making the original 
dataset easier to interpret. The result of a PCA can be graphically presented as two plots, 
a score plot and a loadings plot. The score plot will show which samples are alike, samples 
that closely resemble each other. Since principal components are orthogonal (uncorrelated) 
by definition, different principal components may represent different types of similarities 
between samples. The corresponding loadings plot represents the contribution of each 
lipid signal to the principal component score plot; the higher the absolute value of the 
coordinate of a lipid in the loadings plot, the more important the lipid is in explaining 
the original variance in the data set. The lipid compounds with the highest loadings are 
generally considered to be markers for the process under investigation. 

When PCA was performed on the lipidomic data, no less than 88% of the data set’s 
original variance was retained in the first two principal components (Figure 3A). Despite 

100 nm 50 nm

HexCer1 0.3 ± 0.1 20.9 ± 6.8
HexCer2 5.3 ± 1.2 2.4 ± 1.1
PI 1.1 ± 0.1 1.3 ± 0.8
PE 0.6 ± 0.1 0.3 ± 0.2
PS 7.1 ± 0.7 5.4 ± 3.1
PC 2.3 ± 0.5 1.3 ± 0.5
SM 28.6 ± 4.5 14.3 ± 1.5
Cholesterol 54.8 ± 5.9 54.1 ± 9.2

Table 1. Lipid composition of two types of prostasomes
Mol% for the lipid classes in 50 nm and 100 nm prostasomes as identified in Figure 2. Cholesterol 
was detected and quantified using a separate approach as described in the materials and methods 
section. Mean ± SD from three independent experiments. For quantitative analysis, relative response 
factors of lipid classes were compared with known concentrations of authentic standards.
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the fact that both populations of prostasomes shared elements of the characteristic lipid 
profile discussed above, the first principal component, explaining 79% of original variance, 
clearly separated 100 nm from 50 nm prostasomes (p = 1 x 10-5). The second principal 
component, explaining 9% of total variance may be related to donor variance, since both 
100 nm and 50 nm prostasomes from a single pool of donors had closely matching PC2 
values. Post-hoc testing indeed suggested a significant correlation (r2 = 0.97).

The corresponding loadings plot (Figure 3B) identifies monohexosylceramides as 
the lipids that contributed most to the observed difference between 50 nm and 100 
nm prostasomes. Two different populations of glycosphingolipids were observed in 50 
nm prostasomes, marked HexCer1 and HexCer2, whereas only HexCer2 species were 
detected in 100 nm prostasomes (Figure 2). HexCer1 and HexCer2 had identical mass 
spectra, corresponding to monohexosylceramide with a near identical acyl composition. 
Chromatography of authentic standards of glucosylceramide (GlcCer) and galactosylceramide 
(GalCer) (data not shown) indicated that the identity of the sugar moiety could not account 
for the observed difference in retention time between HexCer1 and HexCer2, nor could 
the difference be accounted for by the presence of hydroxylated fatty acids in one or both 
HexCer peaks (data not shown). The exact identity of the two HexCer peaks could not be 
unequivocally established. The near absence of HexCer1 in 100 nm prostasomes made 
lipids from this class obvious markers for 50 nm prostasomes (right side of Figure 3B). By 
contrast, 100 nm prostasomes were particularly enriched in SM species, as can be deduced 
from their presence at the left side of Figure 3B. In addition, glycerophospholipids were 
relatively more abundant in 100 nm prostasomes. 

In Figure 4, the abundance of the best markers for both types of prostasomes, as 
deduced from Figure 3, is depicted. Apart from the lipids discussed above, we observed a 
noteworthy difference in the plasmalogen lipid species plas-PE 34:1 (p < 5 x 10-4) and SM 
d18:1/24:3 (p < 5 x 10-4). Relatively few other studies have been performed on the lipid 
composition of prostasomes and these reported cholesterol/phospholipid molar ratios of 
~2 [25, 35], which is indeed significantly higher than a ratio of ~0.8 that is characteristic 
for a typical plasma membrane [45]. In the current study, we found molar ratios of ~1.4 
and 2.4, which are in concordance with these previous reports. SM has also already been 
identified as a major component of prostasomes and other exosomes [26, 27]. Consistent 
with our observations, others also found that fatty acids in prostasomes and other types of 
exosomes are mainly saturated or monounsaturated [16, 27, 46, 47]. 

The generic aspects and differences in lipid compositions of the two classes of 
prostasome may reflect differences in their formation and/or function. The formation of 
intraluminal vesicles within multivesicular endosomes has been proposed to be stimulated by 
lysobisphosphatidic acid (LBPA) combined with the LBPA binding protein, Alix [48]. However, 
consistent with other studies on the lipid composition of exosomes from mast cells and B 
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Figure 3. Principal component analysis of 100 nm and 50 nm prostasomes
100 nm and 50 nm prostasomes were isolated from three independent donor pools (isol 1-3) and 
characterized for their lipid composition as described in Figure 2A. (A) The score plot in which PC-1 
displayed maximal and consistent variance between 100 nm and 50 nm prostasomes, and PC-2 shows 
variance between isolates. (B) Loadings plot in which different lipid classes are indicated by color code 
(SM, pink; PE, blue; PS, purple; HexCer1, orange; HexCer2, yellow). Size of the spots corresponds to 
relative abundance. The identity of some of the lipids is indicated.

B

A
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cells [30, 47] we failed to detect LBPA in prostasomes. LBPA could therefore perhaps play 
an exclusive role in the formation of lysosomally targeted multivesicular endosomes rather 
than in exosome generating multivesicular endosomes. The high amounts of cholesterol, 
SM, hexosylceramides and unsaturated phospholipids in prostasomes is consistent with 
the reported high concentration of these lipids in exosomes from other origins [16, 30, 47]. 
These lipids are known to form raft domains that can selectively incorporate membrane 
proteins, such as glycophosphatidylinositol-achored proteins, palmitoylated proteins and 
tetraspanins, for intracellular transport [49, 50].  One of the pathways in which rafts are 
thought to be involved is exosome formation [29]. Exosome release can occur independently 
of certain components of the ESCRT machinery, but instead critically requires ceramide 
generated by neutral sphingomyelinase activity [16]. Ceramide is formed through hydrolysis 
of SM by sphingomyelinases. How ceramide facilitates exosome secretion is not known. 
Ceramide can serve as a precursor for the synthesis of hexosylceramides. Gaucher disease 
is characterized by an impaired catabolism of glucosylceramide and altered intracellular 
sorting of lipids and proteins, supposedly as a consequence of an artificial accumulation 
of raft domains [51]. Similarly, glucosylceramides were demonstrated to be crucial for the 
sorting of proteins into melanosomes [52], secretory organelles formed via mechanisms 
reminiscent of those for exosomes. Therefore, it is not unlikely that hexosylceramides also 

Figure 4. Relative abundance of lipids
Area% for the most relevant lipid species in 50 nm and 100 nm prostasomes, as identified in Figure 2. 
Bars indicate minimum, maximum and average values from three independent experiments. 
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function in the assembly of prostasomes and other exosome types. The descriminative 
presence of HexCer1 in ~100 nm prostasomes may thus be a consequence of distinct 
mechanisms by which the two classes of prostasomes are formed. Apart from a role in 
prostasome formation, hexosylceramides on exosomes may also have a role in prostasome 
function. Human prostasomes are thought to prevent the destruction of sperm cells within 
the female reproductive tract by interfering with the function of local natural killer (NK) 
cells through binding of CD48 on prostasomes to CD244 on NK cells [24]. CD244 is also 
expressed by NKT cells. NKT cells express a T cell receptor (TCR) that binds CD1 restricted 
lipid antigens, including α- and β-linked galactosylceramide [53]. Interestingly, NKT cells 
have a regulatory role in autoimmune settings [54], and may thus, perhaps through 
prostasome delivered galactosylceramide, prevent immune destruction of foreign sperm. 
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Abstract

Prostasomes are small membrane vesicles produced by prostate epithelial cells and secreted 
into the seminal fluid. These vesicles have been proposed to regulate sperm cell function 
and to prevent immune-mediated destruction of sperm cells in the female reproductive 
tract. In a previous study, we identified and isolated two distinct populations of prostasomes 
from the seminal fluid of vasectomized men. In the current study, we demonstrate that one 
of these populations carries RNA and, in particular, small RNA molecules with a length of 
50-80 nt. A library of size-selected 50-80 nt RNA molecules was sequenced and aligned to 
the human reference genome. The majority of the sequenced RNA molecules was derived 
from repetitive DNA sequences, and from tRNA loci in particular. The majority of these 
tRNA molecules represent unique species that are cleaved within the anticodon loop, 
similar to the so called tRNA halves of mature tRNAs, but still contain the 3’ end of the 
tRNA precursors. Other detected RNA species include ribonuclease P RNA component H1, 
piRNA, vault RNA, and RNAs mapping to protein coding genes.
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Introduction

It is increasingly evident that intercellular communication relies not only on direct cell-cell 
contact and transfer of soluble messengers, but also involves small extracellular membrane 
vesicles, including plasma membrane-derived vesicles and exosomes [1, 2]. Exosomes are 
50-100 nm vesicles that are generated as intraluminal vesicles in multivesicular endosomes 
and secreted when multivesicular endosomes fuse with the plasma membrane [3]. 
Extracellular vesicles have a cytoplasm inward orientation and may deliver donor cell-derived 
cytosolic components to the cytosol of a target cell upon fusion with the recipient cell’s 
plasma membrane or the endosomal membrane after endocytic uptake [4, 5]. Membrane 
vesicles that are secreted or shed by prostate epithelial cells are called prostasomes. 
Prostasomes are released into the seminal plasma and have been proposed to both prevent 
immune-mediated destruction of sperm cells within the female reproductive tract and to 
modulate sperm cell function [6-11]. In a previous study, we isolated two populations of 
prostasomes from human seminal plasma, with characteristic sizes of ~56 nm and ~105 
nm respectively, and with distinct specific protein compositions [12]. Contributions to the 
vesicle population from either the testis or epididymis were excluded by using seminal fluid 
recovered from vasectomized donors.

Extracellular vesicles contain functional mRNAs and microRNAs (miRNA), as first 
demonstrated for mast cell-derived vesicles [13];  mRNAs present in exosomes from human 
mast cells were translated into (human) proteins after transfer to murine mast cells. Since 
then, thousands of mRNAs and hundreds of miRNAs have been identified in extracellular 
vesicles from different sources using RNA hybridization assays [14, 15]. miRNAs are 
small RNAs with a length of 20-25 nucleotides (nt), and function mainly as inhibitors of 
mRNA translation through incomplete base pairing with the 3’untranslated region of the 
mRNA [16]. miRNAs are formed in the cytosol by cleavage of 60-70 nt precursor miRNAs 
(pre-miRNAs) by the enzyme Dicer. In addition to the mature miRNAs, pre-miRNAs have also 
been shown to be secreted in association with membrane vesicles [17]. It is thought that 
intercellular transfer of miRNAs by exosomes plays a regulatory role in both physiological 
and pathological processes [16, 18, 19]. It has therefore been proposed that exosomal 
miRNA profiles may serve as biomarkers for diseases, including various types of cancer [16, 
20].  To date there are no reports on the presence of miRNA in prostasomes. Recently, cell 
free seminal fluid has been reported to contain miRNA, but these were largely associated 
with protein complexes and not encapsulated by extracellular vesicles [21]. Also mRNA has 
been proposed to be released by prostate epithelia through incorporation in extracellular 
vesicles, and prostate specific transcripts, including TMPRSS2:ERG, GOLPH2, SPINK1, and 
PCA3, have been demonstrated to be enriched in the urine of men with prostate cancer 
[22-24].  Transcripts of the prostate cancer specific fusion gene TMPRSS2:ERG have also been 
identified in extracellular vesicles derived from a prostate tumor cell line [25]. mRNA has 
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also been isolated from extracellular vesicles in seminal plasma, with the majority present 
in relative large vesicles ( > 200 nm) of unknown origin [21].  To date, the transcriptome of 
prostasomes from healthy individuals was unexplored.  

In the current study, we describe a comprehensive analysis of the RNA contents of 
prostasomes isolated from the seminal fluid of healthy human donors. Analysis by deep 
sequencing revealed that the majority consisted of alternatively processed precursor tRNA, 
although other RNA species were also present, including ribonuclease P RNA component 
H1, piRNA, vault RNA, and RNAs mapping to protein coding genes. Some of the found RNA 
species are already known to relate to prostate cancer, while others, including the uniquely 
fragmented precursor tRNAs, may provide novel biomarkers.  

Material and methods

Prostasome isolation

Prostasomes were isolated as described previously [12]. Briefly, human seminal fluid was 
pooled from five vasectomized men after informed consent. Prostasomes were collected 
by differential centrifugation and then separated from contaminating molecules and 
membranes by size-exclusion chromatography on a Sephacryl S-1000 column (GE Healthcare, 
Diegem, Belgium). Membrane vesicles in fractions containing CD9 and PSCA were pooled 
and then separated by flotation into overlaid 2.0-0.4 M linear sucrose gradients for 16 hr 
at 192 000 x g. Consistent with earlier observations, two separate vesicle populations were 
recovered, each containing both CD9 and PSCA. Fractions 3-5 with densities 1.22-1.24 
g/ml and fractions 9-12, with densities 1.08-1.14 g/ml, were pooled separately, and the 
prostasomes were pelleted at 100 000 x g for 60 min after dilution in PBS.  

RNA isolation 

Total RNA was extracted from isolated prostasomes (see above) using TRIzol reagent 
(Invitrogen, Carlsbad, CA), according to the manufacturer’s recommendations. RNA size 
distributions were assessed using the Agilent 2100 bioanalyzer with RNA Nano chips and 
Small RNA chips (Agilent, Santa Clara, CA). RNA species within a 100 ng RNA sample were 
size-separated on a 10% denaturing polyacrylamide gel, from which the material containing 
RNAs of 50-80 nt in length was excized. 

Small RNA sequencing

Size-separated RNA was dephosphorylated by incubation for 15 minutes at 37 °C with 
shrimp alkaline phosphatase (SAP) in a mix of 20 µl sample, 23.5 µl nuclease free water, 
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5 µl 10x SAP buffer, and 1.5 U SAP (Promega, Madison, WI). After purification of the RNA 
using phenol chloroform (pH 4.5) (Ambion, Carlsbad, CA) and precipitation using 10% 5 M 
ammonium acetate and glycoblue in ethanol, RNA was phosphorylated in a mix of 16 µl 
sample, 1 µl 10 mM ATP, 2 µl 10X Polynucleotide Kinase buffer, and 1 µl (10 U) Polynucleotide 
Kinase (Promega, Madison, WI) for 30 min at 37 °C. RNA fragments were again recovered 
by phenol chloroform extraction and precipitation. Subsequently, small RNA libraries were 
constructed using the SOLiD small RNA expression kit (SREK) (Applied Biosystems, Carlsbad, 
CA), essentially as described previously [26]. Briefly, adapters, RNA/DNA oligonucleotide 
duplexes possessing single stranded overhanging bases, were hybridized to the 5’ and 3’ 
ends of the RNA fragments. Adaptor-ligated RNA fragments were then size-selected on a 
10% denaturing urea gel (110 - 200 nt) and reverse transcribed using barcoded primers. The 
library was amplified using a ligation-mediated polymerase chain reaction (LM-PCR) with 
P1 and P2 primers compatible with SOLiD/AB sequencing. Both libraries were size-selected 
after LM-PCR to prevent primer dimer interference in SOLiD sequencing. Size-selection was 
performed on a 6% polyacrylamide gel, from which the clearest amplification bands with 
sizes between 130 and 160 nt were excized. Size-selected fragments were sequenced on 
an Applied Biosystems SOLiD sequencer in a multiplexed way to produce 50 bp long reads. 
SOLiD colorspace data was converted to its basespace equivalent. 

Sequence alignment and analysis

Sequencing reads were mapped against the reference genome (hg19;GRCh37) using 
the Burrows-Wheeler Aligner (BWA-0.5.8c) (settings: –c –l 25 –k 2 –n 10) [27] and only 
unambiguously mapped sequence tags were extracted. This setting allowed a maximum 
of 2 mismatches in the first 25 nt and a maximum of 10 mismatches in the second 25 nt. 
Wig tracks were prepared with a minimal coverage per base-pair of  ≥10. Regions were 
determined from wig files and annotated to non-coding and protein coding Ensembl genes 
(v56 date retrieval = 2010-04-21). 

Homo sapiens gene regions (GRCh37.p5), according to Ensembl genes 65 (Sanger, 
UK), were retrieved from the BioMart central server [28], including exons and 3’ and 5’ 
untranslated regions (3’UTRs and 5’UTRs), as well as the following RNA repeats: transfer 
RNA (tRNA), ribosomal RNA (rRNA), short cytoplasmic RNA (scRNA), small nuclear RNA 
(snRNA), short interspersed elements (SINEs), long interspersed elements (LINEs), simple 
repeats, long terminal repeats (LTRs), low complexity repeats, signal recognition particle 
RNA (srpRNA) and 7SK RNA. 

Overlap of the regions from our dataset with known gene and repeat regions was 
determined using the web-based platform Galaxy [29-31]. Sequences that intersected with 
genes, but not with exons, were considered to intersect with introns. 

In order to identify potential novel miRNAs, the 40 nt up- and downstream sequences 
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of the regions with ≥ 10 sequence reads were retrieved using Ensembl perl API on Ensembl 
release 56_37a and analyzed using both the HHMMiR-v1.2 [32] and microPred (PMID: 
19233894) [33], using standard analysis parameters. Candidate miRNAs predicted by both 
pipelines were used for downstream analyses.

tRNA annotations were checked in the UCSC Genomic tRNA database (http://gtrnadb.
ucsc.edu/) [34, 35]. A piRNA annotation was checked in piRNA bank (http://pirnabank.ibab.
ac.in/). Regions of interest were checked using the UCSC Genome Browser (http://genome.
ucsc.edu/) [36, 37]. 

Results

RNA isolation from prostasomes 

Prostasomes were isolated from seminal fluid as described previously, i.e. using three 
sequential procedures, namely differential centrifugation, size-selection chromatography 
and sucrose gradient centrifugation [12]. Consistent with previous observations, two 
distinct populations of prostasomes, each containing both the tetraspanin protein CD9 
and the prostate specific protein prostate stem cell antigen (PSCA) were detected: one 
population of ~100 nm prostasomes was recovered from gradient fractions with densities 
of 1.10-1.14 g/ml (‘low densities’) while another population of ~60 nm prostasomes was 
recovered from fractions with densities of 1.22-1.24 g/ml (‘high densities’) (Figure 1A-B) 
[12].

Two separate pools of either high or low density sucrose gradient fractions were 
diluted in PBS and centrifuged at 100 000 x g. RNA that had floated up into the sucrose 
gradient associated with the vesicles was isolated from both of the prostasome pellets and 
subjected to RNA analysis on a Bioanalyzer (Figure 1C-D). Prostasomes from high density 
fractions contained either no or undetected amounts of RNA (Figure 1C). However, in 
prostasomes from the low density fractions, a major peak of RNAs was identified (Figure 
1D). Analysis on a Small RNA Bioanalyzer chip revealed that the predominant size range of 
the RNAs was 50-80 nt (Figure 1E). 

RNA sequencing

To characterize the prostasomal RNA from low density gradient fractions in a qualitative 
and quantitative manner, we performed deep sequencing. To this end, a cDNA library was 
constructed for the isolated 50-80 nt species using RNA/DNA oligonucleotide adaptors. This 
library was then analyzed using the SOLiD system, and yielded > 39 million reads (Figure 2). 
Sequences were categorized according to their unique alignment to the human reference 
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sequence (GRCh37/hg19) and quality filtered; this generated > 5 million alignments to 
3668 regions. Around 50% of these regions overlapped with RNA repeats and most of the 
remaining regions mapped to non-repeat sequences (Figure 3A left). Strikingly, 97% of the 
individual sequence reads mapped to RNA repeats, indicating a high abundance of RNA 
repeats in prostasomal RNA (Figure 3A right). As many as 68% of the prostasomal sequence 
reads that matched with repetitive regions corresponded to tRNA loci, and the majority of 
the remainder corresponded  to ribosomal RNA (rRNA), long interspersed elements (LINEs), 
short interspersed elements (SINEs), and small cytoplasmic RNAs (scRNAs) (Figure 3B). 

The high abundance of tRNA sequences prompted us to further analyze the tRNA 
related regions with >1000 reads (n=123). Sequence coverage on the regions for which 
the tRNA identity was confirmed in the Genomic tRNA database (n=92) was analyzed 
using the UCSC Genome Browser. We identified two types of prostasomal tRNA regions 
that overlapped with  tRNA genes (Figure 4A and 4B and Supplementary Table 1). In the 
‘type 1’ regions (13%), the block-shaped coverage started at the 5’position of the mature 
tRNA and ended before its 3’end. These ‘type 1’ regions most likely reflect mature tRNA for 
which sequencing was terminated because of the maximum read length of 50 nt. One of 
the tRNA genes (chr1.tRNA58) contains an intron, which was spliced out from the ‘type 1’ 
region, thereby supporting the conclusion that ‘type 1’ regions represent mature tRNAs. 
The majority (79%) of detected regions, however, started in the middle of the mature tRNA 
(Figure 4A and 4C). The 3’ends of these ‘type 2’ tRNA regions either matched exactly to 
the 3’ends of precursor tRNAs, delimited by oligo-U or U-rich stretches [38-40], or nearly 
reached these stretches and were limited by the 50 nt maximum read length. The average 
distance from the 5’end of the mature tRNA to the start position of the ‘type 2’ regions was 
36.3 nt (±1.4), which was confirmed using the Genomic tRNA database. This indicates that 
the detected tRNAs are not just random degradation products of precursor tRNA, but rather 
are cleaved from precursor tRNAs at pre-determined positions (Figure 4A). The cleavage 
position locates in the anticodon of the mature tRNA, or in the anticodon loop located just 
a few nucleotides away from the anticodon (Supplementary Table 1). The cleavage position 
is in accordance with previously determined cleavage of mature tRNAs into so-called tRNA 
halves [41]. For some tRNAs (8%), coverage by both type 1 and type 2 regions was observed 
(Figure 4D). 

Since pre-miRNAs have been proposed to be selectively stabilized in exosomes [17], 
and given the 50-80 nt length of much of the isolated prostasomal RNAs, we investigated 
the possible presence of pre-miRNAs. However, only one sequence hit with >100 reads was 
found to localize to a previously described potential miRNA (AL590062.2 ;Table 1). Even 
then, the annotation and function of this potential miRNA have not been described in the 
literature. Analysis of the region in question using the Genome Browser, however, showed 
a region of 57 nt that partly overlapped with the gene for tRNA-Ile-ATA. Nevertheless, it 
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Figure 1 (left). Prostasome purification and RNA isolation
Prostasomes were isolated and purified by differential centrifugation and size-exclusion 
chromatography. As an additional purification step, prostasomes were size-separated using density 
gradient centrifugation through a linear sucrose gradient at 190 000 x g for 17 hours. Sucrose fractions 
of 1 ml were collected from the bottom of the tube and subsequently immunoblotted to confirm 
the presence of exosome marker CD9 (A) and prostate epithelium marker PSCA (B). Two different 
populations of vesicles were distinguished: One population of vesicles that float to fractions with low 
densities (1.10-1.14 g/ml) after the 17 hours density gradient centrifugation and another population 
with a lower flotation rate that resides in higher density fractions (1.22-1.24 g/ml). Fraction densities 
(g/ml) are indicated below the immunoblots. Molecular weight markers (kDa) are indicated on the 
right. RNA was isolated from both high density and low density fractions. C-E) Bioanalyzer profiles of 
the RNA from high density (C) and low density fractions (D). RNA from low density fractions was also 
analyzed on a Small RNA Bioanalyzer chip (E). Length of the RNA molecules is indicated on the X-axis 
in number of nt, and the relative amount of RNA is indicated on the Y-axis in fluorescent units (FU). 
Data presented are representative of two separate experiments. 

9,688,510
aligned

sequences

5,318,054
unique aligned and 

quality filtered

39,418,272
reads

3,668
regions

Figure 2. Overview of the alignments of prostasomal RNA regions
After RNA isolation from low density sucrose gradient fractions (Figure 1) and size selection (50-80 nt) 
by excision from a denaturing polyacrylamide gel, a cDNA library was prepared and sequenced using 
the SOLiD sequencing system. Sequencing resulted in ~39 million reads, of which 9.7 million were 
successfully aligned to the human reference sequence (GRCh37/hg19). Unique alignment and quality 
filtering reduced the number to 5.3 million reads, aligning to 3668 regions.
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remains to be confirmed whether this region indeed represents a pre-miRNA. To identify 
other potential novel (pre-)miRNAs, we performed the following procedure: 1) Analysis of 
all regions including their up- and downstream sequences for the potential to form hairpins 
(a feature of pre-miRNAs); 2) a miRNA prediction of the hairpins according to Hierarchical 
Hidden Markov models (HHMMiR) [32] and, if positive, 3) a miRNA prediction using 
microPred analysis [33]. This prediction protocol resulted in 11 potential novel pre-miRNAs 
with >100 reads (Table 1). However, many of these regions accurately matched other genes, 
making it unlikely that these regions truly represent pre-miRNAs. Two of the candidates 
had already been identified as type 2 and type 1 tRNA regions, respectively. One of the 
other candidates mapped to vault RNA and two others to Y RNA (HY1 and HY4). Two of 
the candidates aligned to repeats that consisted for >70% of oligo-dT or oligo-dA stretches 
that were annotated as repeats on the opposite strand. Four of the candidates were not 
annotated to any known transcripts and may indeed represent novel pre-miRNAs. 

Next, we characterized the transcripts that did not map to RNA repeats by studying 
their overlap with annotated protein coding and noncoding (pseudo)genes. The majority 
of the reads that overlapped with genes in a sense orientation mostly located to introns or 
exons of protein coding regions (Figure 3C). About half of the ~1200 regions corresponding 
to exons (including UTRs) covered protein coding genes with multiple regions, which may 
indicate the presence of fragmented mRNA molecules. The regions for which the coverage 
on protein coding genes was restricted by that single region, could represent regulatory 
RNA molecules [42]. 

Analysis with the Genome Browser of all intronic and exonic regions with >40 reads 
that aligned to non-repeat genes in the sense orientation (n=66) identified 29 regions 
that aligned to protein coding genes (Supplementary Table 2). Three of these mapped to 
the gene for ribonuclease P RNA component H1. This is the RNA subunit of RNAse P, the 
enzyme that generates the 5’ends of mature tRNAs by removing the 5’ends of pre-tRNA. 
We also found regions corresponding to exons of translationally-controlled tumor protein 
(8 regions) and NK3 homeobox 1 (17 regions). Interestingly, the coverage of casein kinase I 
isoform epsilon was restricted to one region at its 3’UTR, which may indicate a regulatory 
RNA for this gene. 

We also found regions that aligned to ribosomal RNA, vault RNA, or pseudogenes 
(Supplementary Table 2). Vault RNAs 1-1 and 1-2 were completely covered with different 
fragments. The remaining regions that aligned to genes in the sense orientation aligned 
to repeats lying in introns that mainly consisted of oligo-dT or oligo-dA stretches. These 
regions had not been found when we analyzed the overlap of prostasomal RNA molecules 
with RNA repeats, because these repeats were annotated on the opposite strand.

Regions with >40 reads that did not align to genes on the coding strand but 
corresponded to genes on the opposite strand (n=39) or to intergenic positions (n=44) 
mainly corresponded to repeats that were annotated on the opposite strand. The most 
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Figure 3. Alignment of prostasomal RNA reads 
Aligned reads were analyzed for overlap with known genes and RNA repeats in the human reference 
sequence (GRCh37/hg19), using Galaxy. (A) 49% and 46% of the regions showed overlap with RNA 
repeats and non-repeats respectively, while 5% of the regions were not annotated. In terms of total 
number of reads per type of RNA, the majority of sequences (97%) aligned to repeats. (B) Considering 
the total number of reads per type of RNA repeat, tRNAs accounted for 68%, while LINEs (6%), rRNA 
(13%) and scRNA (7%) were also abundant. The numbers of unique regions to which these reads 
aligned are indicated above bars. (C) Lower numbers of reads aligned to non-repeats, including 
protein coding genes, pseudogenes, vault RNA etc., mainly in the sense orientation (Supplementary 
Table 2). However, many reads also aligned to introns of the opposite strand.  The numbers of regions 
are indicated above the bars. 
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interesting remaining region aligned with its 5’end exactly to the 5’end of piRNA-43770 on 
chromosome 5. However, the sequence length was 41 nt, while the piRNA has a reported 
length of only 26 nt (piRNAbank) [43, 44]. The sequenced region may however represent a 
piRNA precursor.

Discussion

In this study, we show that a previously identified subpopulation of ~100 nm prostasomes 
[12] contains numerous RNA molecules. The association of RNAs with prostasomes was 
demonstrated by their concomitant flotation into sucrose gradients. Nearly all isolated RNAs 
had a length of 50-80 nt; this pool was sequenced using the SOLiD system. Approximately 
73% of the reads corresponded to tRNA. Of these, 19% corresponded to mature tRNAs. 
The presence of mature tRNAs in prostasomes is not surprising given their prominence 
in the cytosol. The other 81% however, corresponded to precursor tRNAs that had been 
alternatively cleaved within their anticodon loop. 

tRNAs are initially embedded in precursor tRNA or polycistronic messages. The 
extra sequences at their 5’and 3’ends are removed by RNAse P and tRNAse Z (ELAC2), 
respectively, to generate mature tRNAs [45]. In addition, initial tRNA transcripts frequently 
contain introns that are removed during maturation, while 3’ CCA nucleotides are 
added post-transcriptionally. Finally, tRNAs may be processed by a subset of nucleoside 
modifications [45]. Mature tRNAs are aminoacylated to participate in protein synthesis, 
but recent evidence indicates that tRNAs also perform other functions. Different types of 
non-randomly generated tRNA fragments with alternative biological activities have been 
found. For example, mature tRNA can be precisely processed at their anticodon loop 
to generate so called tRNA halves, which have been described as a novel class of small 
RNAs [41, 46-48]. It should be noted that such tRNA fragments often remain undetected 
during sequencing as a consequence of interference with reverse transcription by 
post-transcriptionally modified bases in tRNA, or when sequence alignment is too strict. 
However, our settings allowed two and ten mismatches in the first 25 nt and second 25 nt 
respectively.

The type 2 tRNA molecules that we found in this study are unique because they overlap 
both the 3’ half of the mature tRNA sequence and the 3’ trailer sequence of the precursor 
tRNA. To our knowledge such tRNA molecules have not been identified previously. The 
ribonuclease angiogenin is responsible for the generation of tRNA halves from mature 
tRNAs by cleavage in the anticodon loop [41, 46]. All prostasomal type 2 tRNA molecules 
that we identified had their 5’ end positioned exactly in the tRNA anticodon loop, making 
it conceivable that type 2 tRNAs were generated through ‘angiogenin-like’ endonuclease 
activity on precursor tRNAs. Angiogenin is upregulated during many types of stress, 
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type 1        (13%)

type 2        (79%)

precursor tRNA

mature tRNA

5’ 3’

35-38 nt

tRNA halves

type 1+2    (8%)

A

50 nt

type 1 type 2 

type 1+2 

CB

D

Figure 4. Characterization of regions that align to tRNA loci
(A) Further analysis of regions that align to tRNA loci (Figure 3) showing that the minority starts 
from the 5’end of mature tRNAs (‘type 1’), while others start 36.3 (±1.4) nt further downstream, and 
also include the 3’trailer sequence of the tRNA precursor (‘type 2’). The majority of the regions that 
aligned to tRNA loci were of type 2. Few tRNA loci were covered by both type 1 and type 2 regions. 
(B-D) Genome Browser snapshots of representative ‘type 1’ (B) and ‘type 2’ regions (C) and a region 
that consists of overlapping ‘type 1’and ‘type 2’ regions (D). Coverage by sequence reads is shown in 
red, and the black lines represent mature tRNAs.  
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including oxidative stress, heat shock and UV exposure, giving rise to an accumulation 
of tRNA halves [46, 47]. Several studies indicate that tRNA halves directly inhibit protein 
synthesis by interfering with translation initiation [46], and assist in reprogramming protein 
translation during stress. Interestingly, angiogenin has also been shown to be upregulated 
in prostate epithelial cancer cells [49]. Therefore, the abundance of type 2 RNA molecules 
in prostate cells and their vesicular derivatives (prostasomes) may be indicative of the 
tumorigenicity of prostate epithelium. 

The tRF-1 fragment tRF-1001 is another tRNA fragment that has been described in 
prostate cancer cells, and has been shown to be required for cell proliferation [50]. This 
fragment consists of the 3’trailer sequence that is cleaved from a precursor tRNA by RNAse 
Z isoform ELAC2. The gene for ELAC2 has been identified as a prostate cancer susceptibility 
gene [51] and tRF-1001 expression is higher in cancer cell lines than in normal tissue [50]. 
Although mature tRNAs are generated in the nucleus, ELAC2 is predominantly present in the 
cytosol, which also harbours tRNA molecules and their precursors [50, 52]. Our observation 
that prostasomes contain fragments of the RNA subunit of RNAse P, the enzyme that 
removes the 5’leader sequence of precursor tRNA, may indicate that precursor tRNAs may 
alternatively be processed in the cytosol.  

In addition to tRNA, we identified fragments of several mRNAs, as well as piRNAs, vault 

Table 1. Prostasome-associated RNA sequences that represent miRNAs or potentially novel 
pre-miRNAs
Chromosome positions, strand and numbers of reads of one previously described potential miRNA 
and of pre-miRNA candidates with >100 reads each.

chromosome start end strand # of reads Ensembl gene code name

chr6 26988181 26988237 + 405 ENSG00000238621 AL590062.2

chromosome start end strand # of reads alignment with

chr9 116140440 116140495 - 1354 tRNA pseudogene

chr7 80962920 80963080 + 1303 RNA pseudogene

chr1 26852979 26853032 + 283 SINE repeat

chr6 99974040 99974096 + 103 scRNA

chr6 28949999 28950065 + 9006 tRNA type 2

chr17 8023626 8023711 - 159 tRNA type 1

chr20 5945253 5945302 + 168 HY1

chr9 98865406 98865454 - 150 HY4

chr5 140090858 140090970 + 707 vault RNA 1-1

chr12 127342375 127342423 + 442 oligo-dT stretches

chr14 24913096 24913147 + 113 oligo-dA stretches
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RNAs and Y RNAs. Regarding protein coding genes, we found a single RNA aligning to the 
3’UTR of the gene for casein kinase I isoform epsilon (CKIε). 3’UTR-derived fragments have 
been reported to play a regulatory role in translation [53], and CKIε has been associated 
with a heightened risk of prostate cancer in men with insulin resistance [54]; CKIε has also 
been shown to play a role in tumor proliferation, via β-catenin signalling [55]. We also 
detected mRNA fragments encoding for translationally-controlled tumor protein (TCTP or 
p23), which assists in telomerase function in normal prostate cells, but can be overexpressed 
during prostate tumor development [56]. Finally, although with low frequence, we detected 
mRNA fragments encoding for NK3 homeobox 1, which is a prostate-specific tumor 
suppressor that has been associated with normal prostate development, as well as with 
prostate cancer development and progression [57]. 

Vault RNA and Y RNA have also been found to be enriched in vesicles derived from 
immune cells (personal communication E. Nolte-‘t Hoen). The presence of these RNAs in 
vesicles from different sources may point to a role in the formation or function of such 
vesicles. Vault RNAs are 88 or 98 nt RNA molecules that have been described to participate 
in a vault ribonucleoprotein complex that is associated with drug resistance [58]. Vault 
RNAs have also been described to encode regulatory small RNAs [59]. Y RNAs are short 
cytoplasmic RNA transcripts with a characteristic stem-loop secondary structure [60]. 
Ribonucleoprotein complexes associated with Y RNAs play a role in RNA quality control, by 
binding to misfolded 5S ribosomal, small nuclear and messenger RNA molecules [60, 61]. 
Furthermore, they play a role in cellular stress responses and chromosomal DNA replication 
[60, 62, 63]. 

To conclude, deep sequencing of RNA from a specific population of prostasomes 
showed that the majority represented alternatively cleaved tRNAs, which to our knowledge 
have never been described before in any source. Furthermore, prostasomal RNA contained 
ribonuclease P RNA component H1, piRNA, vault RNA, and RNAs mapping to protein coding 
genes. Clearly, given that various potentially cancer-associated RNA types were identified 
in prostasomes from healthy individuals, it would be of great value to qualitatively and 
quantitatively compare the presence of these prostasomal RNAs between healthy donors 
and prostate cancer patients, with the ultimate aim of identifying early and accurate 
biomarkers for prostate cancer. 
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Supplementary Tables
Supplementary Table 1. Prostasome-associated RNA sequences corresponding to tRNA regions
Chromosome positions, strand, numbers of reads and names of tRNA regions with >1000 reads 
each. These regions were categorized according to the types of tRNA region, as shown in Figure 4A. 
Cleavage positions of type 2 molecules relative to the anticodon loop are indicated from 5’to 3’; 
anticodon nucleotides are in bold and the cleavage position is indicated with a dash. 

chromosome start end strand # of reads name type

chr16 70822591 70822649 + 277298 chr16.tRNA18 1

chr19 45981842 45981945 - 41954 chr19.tRNA8 1

chr1 149664376 149664431 - 16801 chr1.tRNA94 1

chr2 71273508 71273558 - 11944 chr2.tRNA25 1

chr16 3207390 3207483 - 8978 chr16.tRNA32 1

chr1 149684069 149684159 - 8552 chr1.tRNA90 1

chr16 3241495 3241586 + 7777 chr16.tRNA10 1

chr6 28697092 28697177 + 2880 chr6.tRNA70 1

chr16 22207014 22207111 - 1629 chr16.tRNA27 1

chr11 59323896 59323984 + 1224 chr11.tRNA5 1

chr1 7990358 7990406 - 1137 chr1.tRNA137 1

chr1 249168118 249168178 + 1099 chr1.tRNA58 1

chromosome start end strand # of reads name type cleavage position

chr6 27471547 27471615 + 180084 chr6.tRNA48 2 GT-C

chr6 27447476 27447542 + 109158 chr6.tRNA45 2 GT-C

chr12 125424173 125424235 - 94167 chr12.tRNA10 2 GTCA-C

chr12 96429825 96429890 + 83345 chr12.tRNA4 2 GT-C 

chr12 125411872 125411933 - 56042 chr12.tRNA12 2 GTCA-C

chr13 45492041 45492137 - 53979 chr13.tRNA3 2 TTCAC-C

chr15 26327362 26327425 - 53841 chr15.tRNA11 2 TTCAC-C

chr12 98897280 98897369 + 48249 chr12.tRNA5 2 GT-C 

chr13 41634853 41634915 - 36924 chr13.tRNA5 2 TTCAC-C

chr6 27551217 27551278 - 36582 chr6.tRNA144 2 GTCA-C

chr16 686715 686783 - 29740 chr16.tRNA34 2 CCCA-T

chr1 16861754 16861815 - 23952 chr1.tRNA134 2 TTC-A

chr6 28909359 28909418 - 19207 chr6.tRNA99 2 CTGA-A

chr17 8125537 8125626 - 16622 chr17.tRNA38 2 GTCA-C

chr11 59318440 59318530 - 15469 chr11.tRNA16 2 TC-T

chr1 161391862 161391920 - 13722 chr1.tRNA84 2 TTC-A

chr6 27560581 27560643 - 13551 chr6.tRNA142 2 CAT-A

chrX 18693011 18693069 - 12360 chrX.tRNA4 2 TACAC-G



Chapter 5

122

chr2 70476106 70476169 - 9718 chr2.tRNA27 2 CCCAT-T

chr15 66161381 66161441 - 9542 chr15.tRNA7 2 CTGA-A

chr1 145397848 145397909 - 9282 chr1.tRNA117 2 TCCA-A

chr6 28949999 28950065 + 9006 chr6.tRNA77 2 CT-C

chr1 161500928 161500989 + 7845 chr1.tRNA45 2 TC-C

chr6 18836430 18836492 + 7626 chr6.tRNA1 2 CT-G 

chr9 77517974 77518045 - 7268 chr9.tRNA6 2 GTCA-C

chr6 28806202 28806290 - 7081 chr6.tRNA102 2 AGCATG-C

chr12 125406279 125406338 - 6130 chr12.tRNA13 2 TGCATG-T

chr1 161493615 161493712 - 5936 chr1.tRNA68 2 GCCAC-G

chr11 59318083 59318143 - 5902 chr11.tRNA17 2 TAC-A

chr2 131094681 131094773 - 5733 chr2.tRNA20 2 TTCA-C

chr19 1383590 1383652 + 5394 chr19.tRNA1 2 GTT-A

chr1 145399216 145399278 - 4955 chr1.tRNA116 2 CTCA-C

chr6 26311956 26312021 - 4526 chr6.tRNA173 2 TTGA-A

chr1 249168442 249168533 + 4463 chr1.tRNA59 2 CTC-A

chr6 26286782 26286840 + 4390 chr6.tRNA2 2 C-AT 

chr12 125424512 125424600 + 4077 chr12.tRNA8 2 TGC-A

chr16 70823403 70823497 + 3484 chr16.tRNA19 2 GCC-A

chr17 8090511 8090569 + 3293 chr17.tRNA8 2 AGTA-A

chr7 139025446 139025532 + 3151 chr7.tRNA3 2 CCT-C

chr17 73030510 73030564 - 2949 chr17.tRNA21 2 CC-T 

chr6 126101375 126101466 - 2855 chr6.tRNA87 2 CT-C

chr14 21081934 21081990 - 2570 chr14.tRNA21 2 TGT-A

chr3 169490047 169490107 + 2536 chr3.tRNA2 2 AAC-A

chr6 27870668 27870760 - 2367 chr6.tRNA128 2 GCCA-C

chr1 148248144 148248202 + 2253 chr1.tRNA26 2 GTT-A

chr6 26313337 26313391 - 2223 chr6.tRNA171 2 CAT-A

chr16 70812924 70812981 - 2187 chr16.tRNA25 2 GCC-A

chr17 47269890 47269979 + 2046 chr17.tRNA16 2 TT-G 

chr8 124169450 124169544 - 2024 chr8.tRNA10 2 CA-T

chr21 18827090 18827147 - 1848 chr21.tRNA2 2 GCCAC-G

chr2 11691835 11691913 + 1836 chr2.tRNA1 2 CCC-A

chr6 28831446 28831496 - 1832 chr6.tRNA10 2 AGCATG-C

chr14 21149849 21149937 + 1809 chr14.tRNA4 2 T-GT

chr6 27242971 27243032 - 1790 chr6.tRNA153 2 AATAA-C

chr6 26538314 26538373 + 1725 chr6.tRNA9 2 C-AC

chr6 28641593 28641682 - 1720 chr6.tRNA119 2 CGCATG-T
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chr10 5895656 5895744 - 1655 chr10.tRNA6 2 TAC-A

chr6 27636389 27636450 + 1562 chr6.tRNA57 2 A-AT 

chr5 180633904 180633957 + 1559 chr5.tRNA8 2 TGCAT-G

chr11 66115623 66115691 + 1557 chr11.tRNA8 2 G-CT

chr16 3202933 3202987 + 1528 chr16.tRNA2 2 T-CCT

chr15 45490781 45490840 - 1359 chr15.tRNA9 2 GTGGCCG-C

chr17 8023099 8023156 + 1356 chr17.tRNA3 2 CT-G 

chr17 8129533 8129591 - 1347 chr17.tRNA36 2 AG-T 

chr17 8029057 8029149 + 1273 chr17.tRNA5 2 GCC-A

chr14 21099301 21099389 - 1252 chr14.tRNA20 2 TGT-A

chr14 102783461 102783519 + 1224 chr14.tRNA10 2 AAT-A

chr17 36908019 36908073 - 1189 chr17.tRNA1 2 GTTA-A

chr5 180600678 180600741 + 1099 chr5.tRNA6 2 CAC-AC

chr6 26537759 26537817 + 1055 chr6.tRNA8 2 ACGG-A

chr1 161397851 161397905 - 1046 chr1.tRNA83 2 GTTAA-C

chr2 157257642 157257733 - 1035 chr2.tRNA19 2 GCCA-C

chr10 22518417 22518476 - 1022 chr10.tRNA4 2 GTTAA-C

chr17 8124866 8124958 + 71526 chr17.tRNA10 1+2 TC-C 

chr19 4724078 4724172 + 10680 chr19.tRNA2 1+2 TC-C 

chr6 28611222 28611311 + 4288 chr6.tRNA66 1+2 TGCA-T

chr6 28625993 28626083 - 3336 chr6.tRNA120 1+2 AGCATG-C

chr5 180615402 180615486 - 3210 chr5.tRNA15 1+2 AACA-C

chr19 4724631 4724721 - 2049 chr19.tRNA13 1+2 CACAC-G

chr6 26553731 26553818 + 1665 chr6.tRNA10 1+2 CGCA-T
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Abstract

Seminal plasma contains various types of extracellular vesicles, including ‘prostasomes’. 
Prostasomes are small vesicles secreted by prostatic epithelial cells that can be recruited 
by and fuse with sperm cells in response of progesterone that is released by oocyte 
surrounding cumulus cells. This delivers Ca2+ signaling tools that allow the sperm cell to gain 
hypermotility and undergo the acrosome reaction. Conditions for binding of prostasomes 
to sperm cells are however unclear. We found that classically used prostasome markers 
are in fact heterogeneously expressed on distinct populations of small and large vesicles 
in seminal plasma. To study interactions between prostasomes and spermatozoa we used 
the stallion as a model organism. A homogeneous population of ~60 nm prostasomes 
was first separated from larger vesicles and labelled with biotin. Binding of biotinylated 
prostasomes to individual live spermatozoa was then monitored by flow cytometry. 
Contrary to assumptions in the literature, we found that such highly purified prostasomes 
bound to live sperm only after capacitation had been initiated, and specifically at pH ≥ 7.5.  
Using fluorescence microscopy, we observed that prostasomes bound primarily to the head 
of live sperm. We propose that in vivo, prostasomes may bind to sperm cells in the uterus, 
to be carried in association with sperm cells into oviduct and to fuse with the sperm cell 
only during the final approach of the oocyte.  
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Introduction

During or directly after ejaculation, sperm cells are mixed with secretions from the prostate 
and other accessory sex glands (i.e. seminal vesicles, bulbo-urethral glands). Prostatic fluid 
contains a high concentration of citrate, which serves as an energy source for sperm [1], and 
enzymes that function in the liquefaction of coagulated semen, including prostate-specific 
antigen and prostatic acid phosphatase [2, 3]. In addition to soluble constituents, seminal 
fluid from many mammalian species, including man, the pig, cow, sheep and horse has 
been found to contain various types of extracellular vesicles, including prostasomes [4-10]. 
Prostasomes are generated within prostate epithelial cells as 30-130 nm intraluminal 
vesicles contained within multivesicular bodies [11]; subsequent fusion of the limiting 
membrane of these multivesicular bodies with the cell plasma membrane results in the 
secretion of the contained intraluminal vesicles, i.e. the prostasomes, into the extracellular 
prostatic fluid [9, 12] in a process similar to the production of exosomes by other cell types 
[13]. Although membrane vesicles in seminal plasma may originate from various organs 
within the male reproductive tract [14], the prostate is considered to be the major source 
of small membrane vesicles in both man [15] and the stallion [16]. 

The proposed functions of prostasomes include prevention of immune-mediated 
recognition or destruction of spermatozoa within the female reproductive tract [17-22]. An 
alternative or additional function lies in their apparent capacity to modulate the activation 
status of sperm cells. After release into the female reproductive tract, mammalian sperm 
cells first need to acquire fertilizing potential via ‘capacitation’, a complex series of 
processes that encompass an increase in intracellular concentrations of reactive oxygen 
species, Ca2+ and cAMP, protein tyrosine phosphorylation, and rearrangement of plasma 
membrane proteins and lipids (reviewed in [23, 24]). Capacitation is initiated in response 
to the favorable physiological environment within the female reproductive tract, with 
important elements of this environment including the relatively high concentrations of 
cholesterol binding proteins/complexes, Ca2+ and HCO3

-. Sperm cells contain a special 
soluble adenylyl cyclase as well as several membrane associated adenylyl cyclases. The 
soluble adenylyl cyclase is mainly expressed in the testis, especially present in spermatozoa, 
and indispensable for fertility, as demonstrated for soluble adenylyl cyclase knock-out mice 
[25]. Early capacitation events include the activation of soluble adenylyl cyclase by HCO3

-, 
resulting in cAMP induced protein kinase A (PKA)-dependent protein phosphorylation 
[26]. This leads to a rearrangement in the plasma membrane lipid asymmetry and lateral 
organization [27], which is thought facilitate the extraction of cholesterol from membranes 
[28] and to contribute in changing the activities of relevant G protein-coupled receptors 
and membrane associated adenylyl cyclases [24, 29] In this way both soluble and 
membrane-associated adenylyl cyclases indirectly regulate tyrosine phosphorylation of a 
number of proteins later during capacitation. 
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Capacitated sperm alter their motility characteristics, in a manner thought to facilitate 
their passage through the latter parts of the female reproductive tract [30], and are primed 
to undergo the acrosome reaction in case they should contact the zona pellucida and/or 
cumulus cells surrounding the oocyte [31]. Cells that acrosome-react before contacting 
these structures are incapable of fertilizing, because local release of the acrosomal 
enzymes is essential for successful penetration of the zona pellucida. Since only a few 
sperm cells manage to reach the oocyte in vivo [32], premature spontaneous acrosome 
reaction by capacitated spermatozoa needs to be prevented. In this respect, seminal 
fluid appears to contain several factors capable of inhibiting capacitation (reviewed by 
[24]). For example, prostasomes have a relatively high cholesterol content [15] and have 
therefore been proposed to inhibit membrane reorganization during capacitation and the 
subsequent acrosome reaction by donating cholesterol to the sperm plasma membrane 
[33, 34], although opposing studies have suggested that prostasomes actually stimulate 
the acrosome reaction [35, 36]. Another function of prostasomes was indicated by the 
recent demonstration that they contain and can transfer the Ca2+-signaling tools required 
for sperm cell hyperactive motility, a required characteristic for zona pellucida penetration 
[37]. Membrane fusion of prostasomes with sperm cells can be initiated in response of 
progesterone that is released by oocyte surrounding cumulus cells. This poses a conceptual 
problem: When prostasomes fuse with sperm cells only while approaching the oocyte, how 
do they get into the oviduct?  

For studies on prostasome function, the horse is an attractive model because equine 
semen can easily be obtained in large quantities, and the characteristics of equine 
prostasomes appear to be very similar to those from men [8]. To resolve questions regarding 
the requirements for prostasome binding to sperm, we analyzed in vitro binding of highly 
purified, labeled prostasomes to spermatozoa, while distinguishing live from dead cells and 
capacitated from non-capacitated cells. Our observations may in part explain controversies 
in the literature regarding the conditions for prostasome binding and the potential role of 
prostasomes in sperm capacitation and the acrosome reaction [33-36]. 

Material and methods

Prostasome isolation and fractionation

Semen was collected from healthy stallions with good semen quality (>80% motile sperm; 
>60% morphologically normal sperm) using an artificial vagina, and cleared of cells within 
40 minutes by two rounds of centrifugation at 800 g for 10 min. Prostasomes were isolated 
from seminal plasma using the methods described previously [10] with some modifications. 
Basically, seminal plasma was cleared of large particles by two rounds of centrifugation at 
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10 000 x g. Remaining membrane vesicles were separated from soluble constituents on a 
sucrose block gradient; samples were loaded onto 3 ml of 0.7 M sucrose in PBS containing 
1 mg/ml BSA (PBS/BSA), which had itself been overlaid onto 4 ml 2 M sucrose in PBS/BSA. 
The layered tube was centrifuged at 100 000 x g for 75 min in an SW28 rotor (Beckman 
Instruments, Inc., Fullterton, CA). The membrane vesicle-containing interface between 
the two sucrose layers (1-2 ml) was then collected and introduced into a 700 x 26 mm 
pre-equilibrated Sephacryl S-1000 gel filtration column (GE Healthcare, Diegem, Belgium) 
to separate prostasomes from larger (membrane) complexes and remaining soluble 
constituents. The column was eluted at 4°C with PBS/BSA containing 0.02% sodium azide, 
and 2 ml fractions were collected. Prostasomes from pooled column fractions were further 
purified by ultracentrifugation to the interface of a 0.7 M/2.0 M sucrose block gradient as 
described above. Sucrose was added to the isolated interface to a final concentration of 
2.5 M, and the membranes were then ‘floated’ into an overlying linear sucrose gradient 
(2.0-0.4 M sucrose in PBS) by centrifugation in a SW40 tube (Beckman) for 17 hours at
190 000 x g. Gradient fractions of 1 ml were collected from the bottom of the tube. Relatively 
large vesicles and aggregated prostasomes floated up to the middle of the gradient, while 
non-aggregated ~60 nm prostasomes were collected from the bottom 3 ml of the gradient. 
These vesicles were loaded at the bottom of a new linear sucrose gradient (2.0-0.4 M) and 
centrifuged for 48 hours at 190 000 x g. Fractions were characterized by the presence of 
specific proteins as described below. Fraction densities were determined by refractometry. 

Biochemical analysis

Dipeptidyl peptidase IV (DPP4) activity was measured using the synthetic substrate 
Gly-Pro-4-methoxy-2-naphthylamine (Sigma-Aldrich, St. Louis, MO) as described previously 
[38, 39]. For Western blotting, samples were separated by 12.5% or 10 % SDS-PAGE and 
transferred to polyvinylidene fluoride membranes (PVDF; Millipore, Billerica, MA). The 
PVDF membranes were blocked with PBS containing 5% (w/v) non-fat dry milk (Protifar plus; 
Nutricia, Zoetermeer, The Netherlands) and 0.1% (v/v) Tween-20, and then immuno-labelled 
in the same buffer with mouse anti-human CD9 (clone HI9a; Santa Cruz Biotechnology Inc, 
Santa Cruz, CA), rabbit anti-CD26 (Carboxyterminal end; AbCam, Cambridge, MA), or mouse 
anti-equine CD13 (Clone CVS19; AbD Serotec, Düsseldorf, Germany). Primary antibodies 
were labelled with horseradish peroxidise-conjugated secondary antibodies (Pierce 
Biotechnology, Rockford, IL) and detected using Supersignal West Dura chemiluminescent 
substrate (Pierce) on film. For total protein detection, gels were either silver stained or 
fluorescently stained using Flamingo fluorescent gel stain (Biorad, Hercules, CA). 
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Biotinylation of prostasomes

Membrane vesicles were separated by Sephacryl S-1000 gel filtration chromatography 
and concentrated at the interface of a 0.7 M/2.0 M sucrose block gradient as described 
above, but in the absence of BSA. Membrane vesicles from the interface were biotinylated 
for 40 minutes at room temperature with 1 mg/ml EZ-link NHS-LC biotin (Pierce), added 
from a 100X stock solution in DMSO. Excess non-reacted biotin was quenched with 
100 mM glycin. Biotinylated membrane vesicles were isolated by sedimentation into a 
sucrose block gradient and then floated into a continuous 0.4/2.0 M sucrose gradient for 
17 hours as described above. The bottom 3 ml was collected and loaded under a freshly 
made 0.4-2.0 M sucrose gradient and centrifuged for 48 hours as described above. 
Membrane vesicle containing fractions (with densities of 1.18-1.22 g/ml) were pooled, 
snap-frozen and stored in liquid nitrogen. Protein concentrations were measured on a 
Nanodrop spectrophotometer (Thermo scientific, Wilmington, DE). For sperm cell-binding 
experiments, thawed biotinylated prostasomes were first diluted in PBS, pelleted at
108 000 x g in a TLA-55 rotor (Beckman) for 45 minutes to remove sucrose, and resuspended 
in PBS to the original volume. 

Electron microscopy

Isolated vesicles were diluted in PBS, collected by centrifugation at 108 000 x g for 45 min in 
a TLA-55 rotor (Beckman), and re-suspended in PBS. Vesicles were bound to Formvar-carbon 
coated copper grids (CMC, Utrecht, The Netherlands) for 30 minutes, fixed for 5 minutes in 
4% paraformaldehyde / 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.6), washed 
with water and contrasted with 2% uranyl acetate. Samples were imaged using a Tecnai10 
electron microscope (FEI, Eindhoven, the Netherlands) equipped with a SIS CCD MegaView 
II camera. 

Prostasome binding assays

Fresh semen was collected as described above and the percentage of motile sperm cells 
was confirmed to exceed 80%. Sperm cells from 3 ml semen samples were isolated by 
centrifugation through a 35%/70% Percoll gradient in saline-Hepes medium (136 mM NaCl, 
20 mM Hepes, 10 mM glucose, 2.5 mM KCl), for 10 min at 200 x g, and washed twice by 
resuspension  in saline-Hepes medium and centrifugation for 20 min at 900 x g. Sperm cells 
were subsequently diluted to 20 x 106 cells per ml in either modified Tyrode’s capacitation 
medium (100 mM NaCl, 20 mM Hepes, 5 mM glucose, 3.1 mM KCl, 0.4 mM MgSO4, 21.7 
mM lactate, 0.3 mM NaH2PO4, 1 mM sodium pyruvate, 2 mM CaCl2, 7 mg/ml BSA, 15 mM 
NaHCO3) or modified Tyrode’s control medium (same composition but without NaHCO3) 
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[40]. Media were pre-equilibrated by overnight incubation at 37°C in an atmosphere 
containing  5% CO2, adjusted to pH 6.5-8.0 as indicated, re-equilibrated and pH re-adjusted 
before use, and checked for pH stability directly after the experiment. Suspensions of 9 
x 106 spermatozoa in 450 µl were mixed and incubated for 5 hours with or without 50 
µl (2 µg) of biotinylated prostasomes at 37°C in an atmosphere containing 5% CO2. This 
concentration of prostasomes was selected because it is similar to that in an ejaculate. 0.5 
µl of live/dead fixable violet cell stain (Invitrogen, Carlsbad, CA) was added for the final 
20 min of incubation. Cells were then washed with saline-Hepes medium and fixed in 2% 
paraformaldehyde in 0.1 M phosphate buffer (pH 7.6) at room temperature for 15 minutes. 
After fixation, the cells were washed twice with PBS and once with PBS/BSA, permeabilized 
for 30 minutes using 0.1% saponin in PBS containing 1% BSA, and incubated in the same 
buffer with either 2 µg/ml mouse anti-human phosphorylated tyrosine antibody (IgG2bĸ; 
clone 4G10; Millipore) or 2 µg/ml mouse isotype control antibody (eBioscience, San Diego, 
CA) for 14 hours at 4 °C. After washing, the cells were incubated with 10 µg/ml goat 
anti-mouse Alexafluor 488 conjugated antibody (Life Technologies, Foster City, CA) and 10 
µg/ml Dylight 649-conjugated NeutrAvidin (Pierce).

After washing, labelled cells were diluted to 3 x 106 cells/ml in PBS containing 0.02% 
sodium azide, and analyzed using a BD FACS Canto II flow cytometer (BD Biosciences, San 
Jose, CA). Spectral overlap between violet cell stain and Alexa-488 was corrected. For each 
sample, a total of 20 000 live cells was analyzed using FCS version 2.0 software. 

Labeled cells were also analyzed by fluorescence microscopy. To this end, cells 
were mounted on glass cover-slips using Fluorosave (Calbiochem, Merck Chemicals Ltd, 
Nottingham, UK) and analyzed using a Leica TCS SPE-II confocal laser scanning-microscope 
(Leica, Milton Keynes, UK).

Results

Isolation and characterization of a homogeneous population of prostasomes from a 
heterogeneous mixture of membrane vesicles 

To isolate prostasomes, stallion semen was first cleared of sperm cells by low speed 
centrifugation. Membrane vesicles were then sedimented by ultracentrifugation through 
a sucrose block gradient, and collected from the 0.7/2 M sucrose interface. Material from 
this interface was separated by gel-filtration chromatography on a Sephacryl S-1000 column 
to remove remaining small molecules, large membranous contaminants and aggregated 
prostasomes. Three protein peaks were observed, eluting in fractions 28-35, fractions 40-50 
and fractions 60-70 (Figure 1A). The third protein peak represents the column-free volume 
and contained the remaining soluble proteins. The first peak represents the column-void 
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volume and contained very large particles, while the second peak contained retained 
smaller material [10]. As determined by SDS-PAGE (Figure 1B), the protein compositions of 
the peaks at fractions 28-35 and 40-50 were similar, with the exception of only a few protein 
bands. DPP4 has been reported as a 110 kD prostasome marker [39] and was particularly 
enriched in fractions 28-35 (Figure 1C and 1D for enzyme activity and immunoblot analysis, 
respectively). These fractions also contained aminopeptidase N (Figure 1E), another 
reported prostasome marker [41]. However, the tetraspanin, CD9, which is considered 
to be a general marker of exosomes [42] and is present in human prostasomes [10] was 
particularly enriched in membranes that eluted in the second peak (fractions 40-50; Figure 
1F). These data indicate that both DPP4 and aminopeptidase N are not exclusively present 
on CD9 carrying small prostasomes, but can also be found on larger membranes in the 
ejaculate. 
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Figure 1. Prostasome isolation by column chromatography
Membrane vesicles collected from equine seminal fluid by ultracentrifugation were size-fractionated 
by gel filtration on a Sephacryl S-1000 column. (A) Protein concentrations in the column fractions. (B) 
Protein contents of column fractions analyzed by SDS-PAGE and fluorescent protein staining. Arrows 
indicate protein bands that are relatively over-represented in fractions 40-50 as compared to fractions 
28-35. (C) DPP4 enzyme activity in column fractions. (D-F) Immunoblots of protein fractions for DPP4 
(D), aminopeptidase N (CD13) (E) and CD9 (F). Fraction numbers are indicated below the images and 
molecular weight markers are indicated on the right (kDa). Data presented are representative of at 
least three separate experiments.
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Electron microscopic analysis of pooled fractions from the first column peak 
demonstrated heterogeneously-sized vesicles with diameters up to 300 nm, as well as 
aggregated vesicles and filamentous structures of up to 700 nm in length (Figure 2A). This 
material may include apoptotic cell fragments and shed plasma membrane domains, as 
well as protein aggregates. The second column peak contained vesicles with a diameter 
of 50-150 nm (Figure 2B), consistent with the reported size of prostasomes [10]. Vesicles 
from the second column peak (35-50) were pooled and purified further by flotation into 
sucrose gradients; the speed with which vesicles float to their equilibrium buoyant density 
was dependent on their sizes. After just 17 hours of centrifugation of samples loaded at the 
bottom of the sucrose gradients, most proteins (Figure 3A), CD9 (Figure 3B) and DPP4 activity 
(Figure 3C) were still at the bottom three gradient fractions, while only few vesicles had 
reached an equilibrium density of ~ 1.21 g/ml (Figure 3A). Membranes that had reached an 
equilibrium density of ~1.21 g/ml by 17 hours of centrifugation were either relatively large 
(100-150 nm) or aggregated (Figure 3D), explaining their relatively high migration velocity 
in sucrose density gradients. When the bottom three fractions (densities 1.23-1.27 g/ml) 
from a 17 hour gradient were loaded into a new tube, overlaid by a second sucrose gradient 
and centrifuged for 48 hours, most of the CD9,  DPP4, and other proteins now floated to 
their equilibrium density of ~1.21 g/ml (Figure 3E-G). These vesicles had a diameter of ~60 
nm (Figure 3H) and were considered to be a purified population of prostasomes. 

BA

fractions 29-31 fractions 40-45
Figure 2. Electron microscopic analysis of column fractions
Representative whole mount transmission electron microscopic images of material from (A) void 
volume fractions 29-31 and from (B) fractions 40-45 as shown in Figure 1. Scale bars, 300 nm. 
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Figure 3. Fractionation on sucrose density gradients
A-D) Membrane vesicles from pooled column fractions (40-55: see figure 1) were loaded at the 
bottom of sucrose gradients and centrifuged for 17 h. Samples from the bottom three 1 ml  fractions 
of the gradient in A-D were pooled, loaded into a new tube, overlaid by a new sucrose gradient, 
centrifuged for another 48 h, fractionated and analyzed. Gradient fractions were analyzed for total 
protein by SDS-PAGE and silver staining (A and E), for CD9 by immunoblotting (B and F) and for DPP4 
enzyme activity (C and G). Arrows in A indicate proteins that are relatively enriched in fractions 
with densities of 1.19-1.23 g/ml in the first sucrose gradient. Densities of the gradient fractions are 
indicated below the images (g/ml) and molecular weight markers are indicated on the right (kDa). 
Membrane vesicles from gradient fractions with densities of 1.19-1.23 g/ml were pooled, pelleted 
and imaged by whole mount electron microscopy (D and H). Material from the first gradient consisted 
of vesicles of 100-150 nm in diameter, aggregated smaller vesicles and small filaments (D). Material 
from the second gradient consisted of a homogeneous population of ~ 60 nm vesicles (H). Scale bars 
represent 200 nm. Data presented are representative of three separate experiments.
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In vitro recruitment of isolated prostasomes to sperm cells

To study binding to spermatozoa, prostasomes were isolated as indicated above, with the 
introduction of labeling with biotin between the Sephacryl S-1000 gel filtration and sucrose 
gradient centrifugation steps. Biotinylated ~60 nm prostasomes from the second sucrose 
gradient that equilibrated at densities of 1.19-1.23 g/ml were pooled, diluted with PBS, 
collected by ultracentrifugation, and resuspended in PBS. Prostasomes were then added 
to washed sperm cells in the presence of albumin either under non-capacitating (without 
HCO3

-) or capacitating (with HCO3
-) conditions. Dead cells were selectively labeled with a 

membrane-impermeant fluorescent dye. Thereafter, cells were fixed, permeabilized and 
labeled with fluorescent antibodies directed to phosphotyrosine to mark capacitated 
cells, and with fluorescent neutravidin to label associated biotinylated prostasomes. The 
cells were then analyzed by flow cytometry. The forward scatter and side scatter patterns 
detected were characteristic for the long and flattened shape of sperm cells (Figure 4A), 
although side scatter in particular varied considerably, depending on the orientation of the 
cells during passage of the UV beam. Non-aggregated single cells were gated according 
to their scatter pattern (Figure 4A-a), and live cells identified by their exclusion of the 
dead-cell specific dye (Figure 4A-b). It was important to distinguish live from dead cells 
as differences in their behaviour could potentially explain discrepancies in the literature 
regarding prostasome binding characteristics. Both single-dead and single-live cells were 
then analyzed for the association of biotin-labelled prostasomes (Figure 4B) and protein 
tyrosine phosphorylation (Figure 4C). 

Prostasomes bound to dead sperm cells irrespective of the presence of HCO3
-, and 

at all pHs tested. By contrast, prostasomes bound to live sperm only in the presence 
of HCO3

-, i.e. only under capacitation-inducing conditions (Figure 4B). Furthermore, 
prostasome recruitment to live sperm was pH-dependent, with only limited binding at pH 
6.5 and optimal binding at pH 7.5-8.0 with a 1.9 ± 0.6 (mean ± SD) fold increase in signal 
at pH 7.5 (n = 6; p = 0.013). Due to overlapping peaks, however, we could not determine 
whether a sub-population of live sperm still failed to bind prostasomes at optimal 
conditions. Corresponding with the pH-dependence of prostasome binding, live sperm cells 
capacitated only in the presence of HCO3

- and at pH > 7.0, as determined by an increase in 
phospho-tyrosine labelling (Figure 4C).  At pH 7.5 and pH 8.0, about 2/3 of live cells were 
recorded as capacitated, both in the presence and absence of prostasomes. Interestingly, 
the intensity of the phospho-tyrosine signal in capacitated cells at pH 7.5 was decreased by 
20% ± 10% (n = 3; p = 0.02) in the presence of prostasomes. In dead cells, protein tyrosine 
phosphorylation was low and not influenced by the presence of prostasomes. Together, 
these results indicate that prostasomes are recruited to live sperm cells in response to 
HCO3

- exposure. Although they did not influence the percentage of capacitated cells, the 
degree of intracellular tyrosine phosphorylation in capacitated cells was slightly modulated 
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by prostasomes. Analysis by confocal microscopy showed that binding of prostasomes to 
live cells was confined to the sperm cell head, whereas binding to dead cells was more 
diffuse and not specific to the head region (Figure 5). We conclude that recruitment of 
prostasomes from seminal fluid to live sperm is a specific process that takes place only after 
initiation of capacitation and only at the sperm cell head. 

Discussion 

In this study, prostasomes were purified from equine seminal fluid, i.e. separated from 
soluble constituents, filamentous structures, larger vesicles and aggregated vesicles by 
using four subsequent isolation steps: 1) Sedimentation by ultracentrifugation onto a 
sucrose cushion in a sucrose block gradient to remove the majority of soluble constituents, 
2) gel filtration chromatography to remove remaining soluble constituents, large vesicles, 
aggregated vesicles and protein filaments, 3) flotation into a sucrose gradient for 17 h to 
remove 100-150 nm vesicles and aggregated ~60 nm prostasomes, and finally, 4) flotation 
into a sucrose gradient for 48 h to remove remaining high density protein contaminants. 

Figure 4 (left). Flow cytometric analysis of prostasome recruitment and capacitation by equine 
sperm cells
Prostasomes were column-fractionated, biotinylated and subsequently purified by density gradient 
centrifugation as in Figure 3H. Sperm cells were incubated for 5 h in the absence (-) or presence 
(+) of HCO3

- at pH 6.5, 7.0, 7.5 or 8.0, either in the absence (grey areas) or presence (black lines) 
of prostasomes. Cells were then labelled with violet live/dead stain, fixed, permeabilized and 
labelled with Dylight 649-conjugated NeutrAvidin for associated biotinylated prostasomes and 
with Alexafluor-488-conjugated anti-phosphotyrosine, and analyzed by flow cytometry. A) (a) Dot 
plot indicating the forward scatter (FSC) and side scatter (SSC) of sperm cells. Box indicates gated 
single cells. Two apparent populations were observed according to their SSC, which depends on the 
orientation of the cells during passage through the UV beam. (b) Dot plot indicating live/dead staining 
of sperm cells gated as shown in (a). (B) Biotin labelling of single live cells and single dead sperm cells 
incubated in the absence (grey areas) or presence (black lines) of prostasomes. Live cells that were 
incubated without HCO3

- (c) did not show any labelling for prostasomes, while HCO3
--treated live 

cells showed pH-dependent recruitment of prostasomes (d-g). Dead sperm cells bound prostasomes 
irrespective of pH or the presence of HCO3

- (h-l). Data presented are representative of 3 separate 
experiments. Geometric means are indicated in the graphs: With prostasomes = bold italic; without 
prostasomes = normal font. (C) Labelling for tyrosine phosphorylated proteins in single live cells (m-q) 
incubated in the absence (grey areas) or presence (black lines) of prostasomes, shows HCO3

-- and  
pH-dependent capacitation (m-q). Capacitated cells show less protein tyrosine phosphorylation when 
incubated with prostasomes. Dead cells showed relatively little protein tyrosine phosphorylation, 
irrespective of the presence of prostasomes (r-v). Data presented are representative of at least six 
separate experiments. Geometric means of protein tyrosine phosphorylation labelling are indicated 
in the graphs: in the presence of prostasomes = bold italic; control = normal font. Background labelling 
with isotype control antibody is shown by grey lines.
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In a previous study we applied a similar procedure to fractionate and analyze membrane 
vesicles from seminal fluid of healthy vasectomized men [10]. For human semen, two 
distinct populations of membrane vesicles with characteristic sizes (56 ± 13 nm versus 
105 ± 25 nm) but similar equilibrium buoyant density ( ~ 1.15 g/ml) could be separated 
by employing the different rates with which they floated into sucrose gradients. Based on 
their equilibrium density, size range and the presence of prostasome markers, both vesicle 
types were identified as prostasomes, each with its own distinct protein profile. In the 
current study, we isolated a population of ~60 nm prostasomes from stallion semen that 
were equivalent to the population of small prostasomes in human prostatic fluid. Although 
the characteristics of equine prostasomes resembled those of the small vesicles of human 
origin, we failed to isolate to homogeneity a comparable population of large (100-150 
nm) prostasomes from horse semen. Fractions with a density of ~1.2 g/ml from the first 
sucrose gradient (17 h centrifugation) clearly contained 100-150 nm vesicles, but also 
aggregations of 60 nm prostasomes. Such aggregates were not found in similar gradient 
fractions during the isolation of human prostasomes [10]. The reason for this discrepancy 
is not clear, but may indicate differences in seminal fluid vesicle production between 
mammalian species. Alternatively, equine semen, unlike the semen from vasectomized 
men, may contain sticky constituents, such as DNA released from dead sperm cells, and 
epididymosomes that could have contributed to small prostasome aggregates. Despite 
extensive efforts, we were unable to separate 100-150 nm prostasomes from aggregated 
60 nm prostasomes. Therefore, although we observed that the binding characteristics 
for these rapidly migrating prostasomes (data not shown) were comparable to those of 
slowly migrating non-aggregated 60 nm prostasomes, we are not able to draw definitive 
conclusions regarding the binding characteristics of the larger prostasomes. 

Both DPP4 and aminopeptidase N have been used previously as markers for 
prostasomes [39, 41]. Vesicles that eluted in the void volume of the column and retained 
vesicles were both positive for DPP4 and aminopeptidase N, while the exosome marker CD9 
was specifically associated with the retained 50-150 nm vesicles. This strongly suggests that 
neither DPP4 nor aminopeptidase N is specific for 60-150 nm prostasomes but that they also 
associate with other seminal fluid components, such as plasma membrane-derived vesicles 
shed from prostate epithelial cells. DPP4, also known as CD26, is a peptidase that cleaves 

Figure 5 (right). Confocal microscopic analysis of sperm cells
Sperm cells incubated at pH 7.5 with prostasomes and HCO3

- as in Figure 4, but analyzed by confocal 
microscopy. Binding of prostasomes (red) to live capacitated (PY; green) cells was mostly confined to 
the sperm-head, and assumed a punctate pattern, whereas binding to dead cells (blue) was diffuse 
and not confined to a specific region. Scale bars in differential interference contrast images (DIC) 
represent 0.5 µm. Cells shown are representative of at least 50 imaged cells for each condition from 
four independent experiments. 
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dipeptides from proteins or peptides that have proline or alanine as their penultimate 
amino acid, and plays a role in numerous physiological processes, including apoptosis, 
immune responses and adhesion of cells to extracellular matrix components [43]. DPP4 
is expressed on the surface of many cell types as a type 2 membrane protein, and is also 
released by cells in association with membrane vesicles into various body fluids, including 
seminal fluid [16, 39] and saliva [44]. In seminal fluid, DPP4 has been proposed to play a 
role in the fusion of small vesicles to sperm cells [16, 39]. The most likely gland of origin is 
the prostate, since it has been reported as the primary source of DPP4 activity in human 
seminal plasma [45]. However, it can not be excluded that other DPP family members, not 
necessarily produced by the prostate, contribute to seminal fluid DPP activity [46, 47]. 

Aminopeptidase N, also known as CD13, is a membrane-bound protease with a 
preference for N-terminal neutral amino acids [48]. It is known to play a role in several 
processes, including cell proliferation, apoptosis, chemotaxis and angiogenesis [48]. The 
aminopeptidase N present on seminal fluid membranous vesicles has been postulated to 
stimulate sperm motility by regulating enkephalin levels [49]. Our observation that the 
majority of DPP4 and aminopeptidase N did not co-fractionate with prostasomes raises 
doubts about their value as specific prostasome markers. 

In vitro binding of highly purified 60 nm prostasomes to sperm cells occurred only 
in the presence of HCO3

- and at pH ≥ 7.0, circumstances that also favoured protein 
tyrosine phosphorylation in sperm cells, which is a hallmark of capacitation. Sperm cells 
capacitated irrespective of the presence of prostasomes, but the level of protein tyrosine 
phosphorylation in capacitated spermatozoa was slightly reduced by the presence of 
prostasomes. A prostasome-induced reduction in protein tyrosine phosphorylation during 
capacitation was also reported in a previous study [34] . Our data indicate that sperm cells 
bind prostasomes only after they have started to capacitate. In contrast to live sperm cells, 
prostasomes bound to dead spermatozoa independently of the presence of HCO3

- and 
irrespective of pH. Both capacitated live cells and dead/apoptotic cells are characterized 
by scrambling of plasma membrane lipid bilayer asymmetry [23]. It follows that membrane 
phospholipid scrambling may allow prostasome binding. The observation that prostasomes 
only bind to live sperm cells in capacitating conditions may also imply that prostasomes 
bind to specific membrane proteins or protein complexes that only become available after 
the capacitation-induced changes in membrane fluidity and establishment of specific 
membrane domains. The differences in prostasome recruitment by dead versus live 
spermatozoa observed in the current study may in part explain the lack of uniformity in 
the literature regarding the conditions for prostasome binding and the potential role of 
prostasomes in sperm capacitation and the acrosome reaction [33-36]. 

Binding of prostasomes may be followed by transfer of constituents to the sperm cells 
through direct membrane fusion [50, 51]. However, fusion has been reported either not to 
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occur or to be inefficient at neutral or slightly alkaline pH [37, 51], a condition that we here 
established to be a prerequisite for efficient initial prostasome binding. Although human 
sperm may encounter a pH below 6 in the vagina, in the mare sperm never encounters such 
a low pH because it is deposited directly into the neutral pH environment of the uterus. 
Moreover, the punctate staining pattern after binding of biotinylated prostasomes to live 
capacitated sperm cells does not indicate prostasome fusion with sperm cells but instead 
suggests binding in their intact form, although some fusion can not be excluded. This 
conclusion is consistent with other studies [50] that suggest that prostasomes fuse with 
sperm only at, in our opinion, non-physiologically low pH values. 

In agreement with the results of another recent study [34], we propose that prostasomes 
may, after their recruitment to early capacitated cells, interfere with further capacitation, 
as monitored by the slight but significant suppression of protein tyrosine phosphorylation. 
Under physiological conditions, it is possible that prostasomes may fuse to the sperm 
membrane only in response to the increased progesterone levels encountered during the 
approach to an oocyte surrounded by progesterone producing cumulus cells [52, 53]. It 
has indeed recently been demonstrated that Ca2+ signaling in response to progesterone, 
a requirement for sperm hyper-motility and the acrosome reaction, depends on transfer, 
by fusion with prostasomes, of cyclic adenosine diphosphoribose synthesizing enzymes, 
ryanodine receptors, and other Ca2+ signaling tools [37]. 

In conclusion, by using highly purified prostasomes and distinguishing between dead 
versus live, and capacitated versus non-capacitated sperm cells, we were able to establish 
that live sperm cells can recruit 60 nm prostasomes at neutral to slightly alkaline pH only 
when exposed to capacitation-inducing conditions. We postulate that prostasomes are 
recruited by live sperm cells in response to early capacitation events in the uterus and stay 
attached to those sperm cells until the final approach to the oocyte-cumulus complex at 
which point they may fuse to transfer molecular components that facilitate hypermotility 
and the acrosome reaction. This would require an adequate source of prostasomes delivered 
into the uterus with the ejaculate, which should not normally be a limiting factor because 
stallions deposit their ejaculate directly into the uterus.  In many other species, including 
man, however, cervical mucus limits free entry of sperm cells into the uterus. The extent to 
which this hinders the entry of smaller components such as prostasomes is not known. In 
vivo, early capacitation events, including activation of Ca2+ channels and lipid remodeling, 
are likely to be initiated in the uterus as a consequence of the high HCO3

- concentrations 
reported in uterine fluid during oestrus [54]. These conditions would thus allow binding of 
prostasomes to the sperm in which early capacitation events are initiated, equivalent to 
our in vitro results. This may present prostasomes with a means of passively passing the 
tightly closed uterotubal junction, i.e. by ‘piggy-backing’ on spermatozoa. Late capacitation 
events occurring in the oviduct [55] might then allow fusion of the prostasomes to the 
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transporting sperm cells. Fusion would result in transfer of the required Ca2+-signaling tools 
for sperm cell hyperactive motility and zona pellucida penetration [37]. Final proof for this 
scenario and therewith the physiological relevance of prostasome binding to sperm will 
require elaborate additional experiments.
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This thesis describes the identification, isolation, molecular and functional characterization 
of two subclasses of prostasomes. Prostasomes were first identified by Ronquist and 
co-workers [1-3] as extracellular vesicles released by prostate epithelial cells into the 
glandular duct, that ultimately enter the seminal plasma. Moreover, in recent years it has 
become increasingly evident that cells communicate with each other not only via secreted 
soluble molecules and direct cell-to-cell contact, but also by the intercellular transfer of 
such extracellular membrane vesicles. All cultured mammalian cell types tested to date 
have been shown to release extracellular vesicles. However, because extracellular vesicles 
are also released by apoptotic and necrotic cells, the concept that extracellular vesicles from 
healthy cells could serve important biological functions was initially treated with scepticism 
by some scientists. This scepticism has subsequently decreased as a result of the numerous 
recent publications on molecular mechanistic aspects of extracellular vesicle formation and 
selective incorporation of signalling molecules (including RNA), and with the demonstration 
of molecular pathways that can explain some of the proposed or demonstrated functions 
of extracellular vesicles in body fluids. Furthermore, the demonstration that extracellular 
vesicles are produced not only in mammals but also in simple organisms such as C. Elegans 
[4], suggests that they are involved in fundamental, evolutionarily conserved processes. 
Extracellular vesicles include so-called exosomes, which correspond to the intraluminal 
vesicles within multivesicular bodies (MVBs) and are released when a MVB fuses with the 
plasma membrane. Another type of extracellular vesicle, the microvesicle, is produced by 
budding and subsequent shedding from the plasma membrane [5]. Cell-derived vesicles 
have been demonstrated to play a role in physiological processes such as regulation of 
the adaptive immune response [6, 7], and in pathological processes including tumor 
development [8]. Moreover, the secretion pathways for cell-derived vesicles are exploited 
by viruses [9], prions [10] and amyloid peptides [11] for replication. 

Exosomes from the prostatic epithelium are generally referred to as prostasomes and 
are secreted into the prostatic fluid, one of the major volume components of the ejaculate. 
Prostasomes stimulate sperm cell motility by transfer of Ca2+ signalling molecules to the 
sperm cells [12]. In addition, prostasomes have been proposed to influence sperm cell 
capacitation and the acrosome reaction [13-16], two processes that are prerequisites for 
fertilizing capacity. However, it was not entirely clear whether prostasomes had a stimulatory 
or an inhibitory action on sperm activation. Other proposed functions of prostasomes 
include immunomodulation within the female reproductive tract [17-19], with the aim 
of suppressing immune-mediated destruction of ‘foreign’ sperm cells and, in the case of 
prostasomes produced by prostate tumor cells, supporting prostate cancer development 
[20]. However, the exact molecular mechanisms through which prostasomes exert their 
functions remain largely unknown. Furthermore, it is unclear whether the various proposed 
functions are performed collectively by a single type of prostasome or by separate and 
distinct vesicle populations. In the studies described in this thesis, prostasomes were 
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purified and their protein, lipid and nucleic acid contents were characterized. This resulted 
in the definition of two distinct populations of prostasomes, which may perform different 
functions in vivo. 

Two types of prostasomes

To accurately determine the characteristics and functions of prostasomes, it is important to 
isolate the constituent vesicles to a high degree of purity. Chapter 3 of this thesis describes 
an extensive purification protocol for human prostasomes. Measures that were undertaken 
to minimize contamination with other membrane structures and proteins were: 1) Use of 
seminal fluid from vasectomized men, thereby minimizing the contribution from the testes 
and epididymides; 2) prevention of vesicle aggregation by centrifugation into a sucrose 
block gradient rather than onto the bottom of a tube; 3) chromatography on a gel filtration 
column with a high size-exclusion limit, allowing separation of individual small vesicles 
from large vesicles and vesicle aggregates and 4) density gradient centrifugation. Based on 
their different flotation rates during density gradient centrifugation, two distinct types of 
prostasomes were isolated. A larger type of prostasome with a mean diameter of 105 nm 
that floated to its equilibrium density of ~1.15 g/ml in 16 hours, and a smaller prostasome 
with a similar density that required additional centrifugation time (>48 hours) to reach its 
equilibrium density. This strategy to separate the two populations of prostasomes was also 
applied in Chapters 4-6.

Both prostasome populations contained the exosome marker CD9, indicating their 
exosomal nature, as well as the prostate-specific protein, prostate stem cell antigen (PSCA), 
which confirmed their prostatic origin. PSCA is a protein that has been proposed as a 
potential marker for prostate cancer, i.e. as an alternative to the current prostate cancer 
marker, prostate specific antigen (PSA) which appears to have limited specificity and a 
low correlation with the malignancy/aggressiveness of prostate cancer [21]. In Chapter 
3 however, we show that PSCA is absent from membrane vesicles in the seminal fluid 
of some men, indicating heterogeneity in prostasome characteristics between healthy 
individuals. Besides the shared markers, CD9 and PSCA, the two classes of prostasomes 
were also found to contain class-specific unique proteins.  For example, annexin A1 was 
exclusively associated with the large vesicles, while glioma pathogenesis-related protein 2 
(GLIPR2) was selectively contained within the smaller vesicles. Since both annexin A1 and 
GLIPR2 have been proposed to have immunomodulatory properties, their association with 
prostasomes may indicate a role in tolerizing the female immune system to sperm cells. In 
the case of prostate cancer, prostasome-associated annexin A1 and GLIPR2 may contribute 
to immunomodulation of the prostate tumor environment and thereby promotion of 
tumor cell survival, while annexin A1 may also support tumor growth and metastasis by 
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stimulation of angiogenesis [22].  
Together with their distinct protein profiles, the two classes of prostasomes were also 

characterized by unusual and unique lipid compositions. As described in Chapter 4, both 
types of prostasome contain high levels of sphingomyelin, cholesterol and glycosphingolipids, 
with the different classes of glycerophospholipids, sphingomyelin and hexosylceramides 
consisting mainly of mono- or unsaturated species. These features are all characteristics 
of lipid raft domains, which may thus be instrumental in the generation of prostasomes 
by prostate epithelial cells. Principal component analysis revealed marked differences in 
lipid composition between the two types of prostasome, particularly with regard to the 
contributions of sphingomyelin and hexosylceramide isoforms. Hexosylceramides on 
prostasomes may have a functional role/significance. For example, galactosylceramides are 
known to have strong immuno-modulatory capacity [23].

In 2007, it was reported that mast cell exosomes contain microRNAs (miRNA) and 
mRNAs that can be transferred to recipient cells [24]. Moreover, these mRNAs and miRNAs 
were shown to be functional in target cells after transfer by exosomes [25, 26]. Since then, 
many types of exosomes, and also microvesicles, have been shown to contain RNA and 
many (potential) functions in intercellular communication have been proposed for exosomal 
RNA. Transcripts of prostate cancer-specific genes have been found to be associated with 
prostasomes from a prostate cancer cell line, as well as with urinary exosomes from 
prostate cancer patients [27, 28]. However, the RNA content of prostasomes from healthy 
men had not been explored. Chapter 5 describes the RNA content of prostasomes isolated 
from seminal fluid from healthy vasectomized men. Prostasomal RNA was detected only in 
association with the large prostasomes, and was composed mainly of molecules of 50-80 
nucleotides in length. These RNAs were analyzed by deep sequencing, a method that offers 
an unbiased screen of all RNA present, as it is not dependent on prior sequence information. 
The majority of the prostasomal RNA reads aligned to tRNA genes. Interestingly, the majority 
corresponded to alternatively processed precursor tRNAs, which were cleaved in the 
anticodon loop on their 5’sides, but still contained the 3’trailer sequence of the precursor 
molecule that is normally cleaved off during the generation of mature tRNAs. Previously 
described alternatively cleaved tRNAs include so-called tRNA halves, i.e. fragments derived 
from mature tRNAs by cleavage in the anticodon loop [29], as well as shorter tRNA related 
fragments (tRFs) [30]. However, the specific tRNA-related molecules that were recovered 
from prostasomes have not been described before. As tRNA-related molecules have been 
related to cellular stress responses [31-33] and tumor cell proliferation [30], the observation 
of a unique type of tRNA-related fragment warrants further investigation of its role in 
prostate cancer. Additionally, prostasomes contained mRNA molecules, some of which had 
previously been associated with prostate cancer. Alignment of prostasomal RNAs to vault 
RNA and piRNAs were also observed, and these may represent regulatory RNAs. 
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Physiological target cells for the larger prostasomes, and hence for their RNA contents, 
are unknown. One possibility is that alternatively processed tRNA in prostasomes is 
intended to silence translation in immune cells, helping immune evasion. Sperm cells seem 
an unlikely target, because the RNA translation machinery of mature sperm cells is inactive. 
On the other hand, prostasomes could perhaps use sperm cells as a vehicle to get to the 
oocyte. All these options are of course purely hypothetical and should be investigated. 
Furthermore, comparison of prostasomal RNA between prostate cancer patients and 
healthy men may provide new insights into the role of prostasomes in reproductive 
processes and/or prostate cancer development, as well as yielding novel prostate cancer 
biomarkers and/or mechanisms for therapeutic intervention. 

Chapter 6 describes the interactions between small prostasomes and sperm cells 
during sperm cell capacitation in an equine model. Equine prostasomes are very similar 
to human prostasomes, and their purification from equine seminal fluid yielded small and 
large vesicle populations comparable to the human prostasomes described in Chapter 
3. Highly purified small equine prostasomes were found to bind to the head region of 
sperm cells, but only under conditions that favoured sperm cell capacitation. Moreover, 
recruitment of prostasomes reduced protein tyrosine phosphorylation in sperm cells, where 
the latter is a hallmark of sperm cell capacitation. These findings are therefore consistent 
with a capacitation-suppressing role of prostasomes. In this respect, prostasomes may help 
prevent premature sperm cell capacitation and initiation of the acrosome reaction. At the 
time a sperm cell approaches the cumulus cells that surround the oocyte, and encounters 
the progesterone that they secrete, this situation changes. Other researchers have shown 
that prostasomes can transfer progesterone receptors to the sperm cells through fusion 
with the plasma membrane [12]. It therefore appears that prostasomes may assist in 
progesterone-dependent processes, i.e. stimulation of sperm cell hypermotility and the 
acrosome reaction. Thus, prostasomes may accompany sperm cells on their journey to the 
oocyte and provide them with specific tools that enable them to perform their various roles 
and steps in the fertilization process at the appropriate time. It remains unclear whether 
fusion between prostasomes and the sperm cell’s plasma membrane occurs in vivo and, at 
which point in time any such fusion occurs.  

Future perspectives

The precise physiological roles of the two distinct classes of prostasomes, as characterized 
in this thesis, need to be resolved and differentiated, particularly with respect to sperm 
cell and immune cell functions. In addition, the potential of these prostasomes to serve as 
biomarkers for prostate cancer needs to be explored. In the healthy prostate, prostasomes 
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are secreted apically into the glandular duct. During the development of malignancy, 
prostate epithelial cells lose polarity and are able to traverse the basement membrane 
[20]. Prostasome secretion is therefore no longer restricted to the prostatic lumen, but is 
also directed to the extracellular matrix of the prostate tissue, which is continuous with 
the blood vessels. Since the blood of healthy men is normally devoid of prostasomes [34], 
secretion of prostasomes into the blood is indicative of a pathological change. Although a 
large spectrum of extracellular vesicles from other cell types are present in abundance in 
the blood, prostasomes could be distinguished using prostate specific biomarkers. Such 
markers may be constitutively expressed in prostasomes from healthy tissue, or specific to 
malignantly-transformed prostate epithelial cells. Potential constitutive prostasome-based 
biomarkers include proteins (Chapter 3), lipids (Chapter 4) and RNA (Chapter 5). If markers 
can be identified that are exclusively expressed on prostasomes, and not on extracellular 
vesicles from other origins, bulk isolation of extracellular vesicles from either blood serum 
or plasma would suffice in diagnostic testing since vesicles from other sources would not 
interfere with the detection of prostasomes. Conversely, if markers were shared with 
vesicles from other origins, prostasomes would first need to be detected individually or 
isolated specifically to allow definitive diagnosis. 

Recently, a method was developed in our laboratory that allows identification of 
individual extracellular vesicles, based on high-resolution flow cytometry [35]. To this 
end, small vesicles were first labelled with fluorescent lipid intercalating dyes. Individual, 
labelled vesicles could then be detected by triggering the cytometer using the fluorescence 
signal derived from the labelled particles. This method has been shown to be applicable 
for quantification of nanoparticles such as cell-derived membrane vesicles, including 
prostasomes. Additionally, the expression of vesicle surface markers could be analyzed 
by labelling with fluorescent antibodies, as was demonstrated for exosomes derived from 
dendritic cells. Future experiments using high-resolution flow cytometry would be useful 
for characterizing the qualitative and quantitative properties of prostasomes in seminal 
or blood plasma from prostate cancer patients or men with impaired fertility. Although 
high-resolution flow cytometry would be too laborious for routine diagnostic use, it could 
be used to develop prostasome-based biomarkers that could serve as the basis for other, 
more straightforward diagnostic techniques. Biomarker-based diagnostic techniques could 
include immunocapture of prostasomes onto beads [36, 37] or onto ELISA plates [34, 38]. We 
have already demonstrated the feasibility of such an approach for the immunoadsorption of 
the prostate specific membrane protein PSCA (Figure 1). When applied to serum samples, 
such an approach could be instrumental in detecting prostasome markers other than PSCA 
in the systemic circulation. 
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Conclusion

Prostasomes have several special features that identify them as potentially multifunctional, 
extracellular vesicles. Prostasomes probably perform these functions within the female 
reproductive tract by local modulation of the immune system and by associating with sperm 
cells that find themselves in conditions capable of inducing capacitation but long before 
they have encountered the oocyte. In addition, prostasomes are extremely promising 
candidates as biomarkers (or biomarker carriers) for the diagnosis and or in prognosis of 
prostate cancer. 
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Figure 1. Immuno-adsorption of PSCA
Prostasomes were immuno-adsorbed from a crude prostasome fraction from human seminal plasma 
using anti-PSCA coated beads. In negative controls either antibodies or membrane vesicles were 
omitted as indicated.  Input (t; total), bead bound (b) and non-bound (nb) vesicles were analyzed 
by immunoblotting for PSCA, as indicated. Molecular weight markers are indicated in kDa. The data 
shown are representative of five independent experiments.
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Microvesicles en exosomen

Zoogdiercellen bestaan uit een omhullende celmembraan, een kern met daarin het 
genetisch materiaal (DNA) en cytoplasma. Het cytoplasma bestaat uit een vloeistof, de 
cytosol, waarin zich verschillende typen organellen bevinden, die ieder een specifieke functie 
vervullen. Ook organellen zijn omgeven door membranen, die net als de celmembraan 
bestaan uit een laag vetten (lipiden) en membraaneiwitten. Organellen die behoren tot 
het zogenaamde vacuolaire systeem, communiceren met elkaar en met de celmembraan 
door middel van blaasjes (Engels: vesicles) die van het ene organel afsnoeren en daarna 
met een ander organel kunnen versmelten. Zo vindt binnen de cel transport plaats van 
membraanlipiden en –eiwitten, maar ook van stoffen die in de blaasjes verpakt zijn. Ook 
kunnen op deze manier stoffen worden uitgescheiden of door de cel worden opgenomen 
uit de omgeving. 

Daarnaast scheiden de cellen ook blaasjes uit. Deze blaasjes hebben een diameter 
van 30-500 nanometer (nm), grofweg 100x zo klein als die van cellen. Ze zijn naar hun 
ontstaanswijze in twee typen onder te verdelen: Het eerste type blaasjes, microvesicles  
genaamd, ontstaat door het uitstulpen en daarna afsnoeren van de celmembraan naar 
buiten toe (Zie Figuur 1). Deze microvesicles bestaan dus uit een deel van de celmembraan 
en zijn gevuld met cytosol. Het tweede type, exosomen, wordt gevormd in twee stappen, 
in een proces waarbij endosomen, een bepaald type organel, zijn betrokken. Eerst knoppen 
zich blaasjes met een diameter van 50-100 nm van de buitenmembraan van het endosoom 
naar binnen toe af, zodat deze binnenin het endosoom komen te liggen. In de volgende stap 
versmelt de endosomale buitenmembraan met de celmembraan, waardoor de blaasjes uit 
het endosoom vrijkomen in het milieu buiten de cel. 

Voor zover bekend worden microvesicles en exosomen gevormd door bijna alle 
typen zoogdiercellen. Microvesicles en/of exosomen zijn dan ook gedetecteerd in vrijwel 
alle lichaamsvloeistoffen, waaronder bloed, lymfe, urine, traanvocht, speeksel, gal en 
zaadvloeistof. Recentelijk is gebleken dat door de cel uitgescheiden blaasjes een rol kunnen 
spelen als boodschappers tussen blaasjes producerende cellen en doelcellen. Ze kunnen 
niet alleen binden aan de celmembraan van een doelcel, maar ook versmelten met de 
celmembraan of met de endosomale membraan na opname van het blaasje door de doelcel.  
Op deze manier kunnen zowel de membraancomponenten als de inhoud van het blaasje 
opgenomen worden door de doelcel. De interactie tussen microvesicles/exosomen met 
doelcellen speelt een rol bij verschillende processen in het lichaam, zoals de afweer tegen 
ziekteverwekkers, de ontwikkeling van tumoren, maar ook bij voortplantingsprocessen. 
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De mannelijke voortplantingsorganen

De belangrijkste functie van de mannelijke voortplantingsorganen is het produceren van 
zaadcellen (spermacellen) en het ondersteunen en begeleiden van deze cellen op weg naar 
de eicel. Spermacellen worden geproduceerd in de teelbal (Latijn: testis) en bestaan uit een 
kop, een middenstuk en een staart (Zie Figuur 1 van Hoofdstuk 1). De kop bestaat uit een 
celkern met daarin compact samengepakt DNA en daar overheen gedrapeerd de acrosoom, 
een organel dat enzymen bevat die de spermacel in staat stellen de eicel binnen te dringen. 
In het middenstuk bevinden zich mitochondriën, organellen die de energie produceren 
die nodig is voor de voortbeweging van de cellen. De staart bevat de machinerie die deze 
beweging uitvoert. Na de productie in de testis, worden de spermacellen getransporteerd 
naar de bijbal (Latijn: epididymis), waar ze verder rijpen en tijdelijk worden opgeslagen 
(Zie Figuur 2 van Hoofdstuk 1). Bij de zaadlozing worden de spermacellen vervoerd door 
de zaadleiders en de urinebuis, terwijl de producten van verschillende geslachtsklieren, 
waaronder de prostaat, aan het sperma worden toegevoegd. 

microvesicles exosomen

endosoom

Figure 1. Afgifte van membraanblaasjes door cellen
Microvesicles worden gevormd door het uitstulpen en afsnoeren van de celmembraan. Exosomen 
ontstaan door het naar binnen stulpen en afsnoeren van de membraan van endosomen, waardoor 
blaasjes binnenin de endosoom komen te liggen. Na het versmelten van de endosoom met de 
celmembraan komen de exosomen vrij buiten de cel. Tekening door M. Dammer.
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Voor een succesvolle bevruchting moeten zaadcellen in de baarmoeder en de eileider 
van de vrouw of het vrouwelijk zoogdier een tweetal belangrijke processen ondergaan: 
Capacitatie en acrosoomreactie. Capacitatie zorgt voor een toename van de beweeglijkheid, 
waardoor de spermacellen de eicel kunnen bereiken en binnendringen. Ook worden de 
cellen tijdens de capacitatie voorbereid op de acrosoomreactie. Bij de acrosoomreactie 
komen de enzymen, die in de acrosoom liggen opgeslagen, vrij buiten de cel: Deze helpen 
de spermacellen om zich een weg te banen door het beschermende omhulsel van de eicel, 
de zona pellucida. Pas daarna kan de daadwerkelijke bevruchting van de eicel plaatsvinden, 
waarbij de celmembranen van de spermacel en de eicel met elkaar versmelten. 

Het immuunsysteem van de vrouwelijke voortplantingsorganen is zeer nauwkeurig 
gereguleerd, aangezien het wel ziekteverwekkende microorganismen moet opruimen, 
maar tolerant moet zijn ten aanzien van lichaamsvreemde spermacellen. 

Exosomen van de prostaat: prostasomen

In de mannelijke voortplantingsorganen worden blaasjes uitgescheiden door de kliercellen 
van de epididymis (bijbal) en de prostaat. Deze worden respectievelijk epididymosomen en 
prostasomen genoemd. Epididymosomen zijn van het microvesicle-type en prostasomen 
zijn exosomen. Epididymosomen spelen een rol bij het uitrijpen van spermacellen in 
de epididymis, door membraancomponenten aan deze cellen toe te voegen, terwijl 
prostasomen worden uitgescheiden in de zaadvloeistof tijdens de ejaculatie.

Het was al bekend dat prostasomen de beweeglijkheid van zaadcellen kunnen 
stimuleren, onder andere door eiwitten over te brengen die de beweeglijkheid van 
spermacellen stimuleren. Verder zijn zowel stimulerende als remmende effecten van 
prostasomen op de capacitatie en acrosoomreactie van spermacellen beschreven.  Daarnaast 
lijken prostasomen een modulerend effect op de immuuncellen te hebben, waardoor de 
overlevingskans van spermacellen in de vagina, baarmoeder en eileider toeneemt. Deze 
beïnvloeding van het immuunsyteem door prostasomen zou ook nadelige effecten kunnen 
hebben, bijvoorbeeld in het geval van prostaatkanker. Prostaatkankercellen produceren 
namelijk ook prostasomen. Als deze het immuunsysteem van de man remmen, zullen 
prostaatkankercellen minder effectief door immuunsysteem worden opgeruimd, waardoor 
ze de kans krijgen zich verder te verspreiden. Het is echter grotendeels onbekend of en hoe 
prostasomen deze verschillende functies (op moleculair niveau) zouden kunnen vervullen. 

Dit proefschrift

Het doel van het onderzoek dat beschreven is in dit proefschrift, is het nader typeren van 
prostasomen, met name met betrekking tot hun moleculaire samenstelling en functies. 
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In Hoofdstukken 1 en 2 wordt allereerst een overzicht gegeven van de bestaande kennis 
op het gebied van prostasomen en andere exosomen/microvesicles die door mannelijke 
voortplantingsorganen worden geproduceerd. 

In Hoofdstuk 3 is een nieuwe methode beschreven voor de isolatie van prostasomen. 
Daarbij werd gebruik gemaakt van zaadvloeistof van gesteriliseerde mannen, zodat 
spermacellen, epididymosomen en andere producten van de teelbal en de bijbal al bij 
voorbaat konden worden uitgesloten. Er zijn twee verschillende typen prostasomen 
geïsoleerd, die beiden de prostaatmarker “prostate stem cell antigen” (PSCA) en de 
exosomale marker CD9 bevatten. Deze populaties verschilden echter in prostasoomdiameter 
(100 versus 50 nm) en eiwitsamenstelling. Het eiwit GLIPR-2 kwam bijvoorbeeld met 
name voor in de kleine prostasomen, terwijl het eiwit annexin 1A specifiek was voor de 
grotere prostasomen. Beide eiwitten zouden bij kunnen dragen aan een interactie tussen 
prostasomen en doelcellen. De in dit hoofdstuk beschreven isolatiemethode van de twee 
typen prostasomen vormde de basis voor het onderzoek beschreven in de Hoofdstukken 
4-6. 

In Hoofdstuk 4 is de lipidensamenstelling van de twee typen prostasomen beschreven. 
Prostasomen bleken een heel andere lipidensamenstelling te hebben dan celmembranen. De 
in Hoofdstuk 3 gedefinieerde twee typen prostasomen bleken ook van elkaar te verschillen, 
vooral met betrekking tot de zogenaamde hexosylceramides. Galactosylceramides (een 
bepaald type hexosylceramides) op prostasomen zouden een remmende invloed kunnen 
uitoefenen op natural killer cellen (NK-cellen), die een belangrijk onderdeel vormen van 
het immuunsyteem in de vrouwelijke voortplantingsorganen. Of prostasomen op deze 
manier ook inderdaad spermacellen kunnen beschermen tegen deze NK-cellen zal door 
vervolgonderzoek moeten worden vastgesteld.

Sinds enkele jaren is bekend dat exosomen naast eiwitten en lipiden ook 
ribonucleïnezuren (RNA) kunnen bevatten. RNA-moleculen spelen een rol bij de vertaling 
van de in DNA besloten genetische informatie naar de productie van eiwitten. Om eiwitten 
te kunnen vormen wordt in de celkern eerst een vertaling gemaakt van het gen, in de 
vorm van een messenger RNA-molecuul (mRNA). Het mRNA wordt vervolgens in het 
cytoplasma afgelezen door zogenaamde ribosomen met behulp van transfer-RNA (tRNA). 
Deze tRNA-moleculen brengen de aminozuren bijeen die samen het eiwit zullen vormen, 
waarbij de volgorde van deze aminozuren wordt bepaald door de code op het mRNA.  
Het aflezen van mRNA kan worden gereguleerd door zogenaamde small RNAs. Exosomen 
kunnen zowel mRNA als small RNAs bevatten. Dit betekent dat met behulp van exosomen 
mogelijk functioneel RNA tussen cellen kan worden overgedragen.

Omdat het nog onbekend was of ook prostasomen RNA bevatten, is een RNA-analyse 
van prostasomen uitgevoerd, hetgeen is beschreven in Hoofdstuk 5 van dit proefschrift. 
Alleen in de grotere (100 nm) prostasomen werd RNA aangetroffen. Dit RNA is vervolgens 
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geanalyseerd door middel van ‘deep sequencing’. Door middel van deze relatief nieuwe 
techniek kon de identiteit van de verschillende geïsoleerde RNA-moleculen worden 
bepaald. Het prostasomale RNA correspondeerde met ruim 3600 verschillende codes 
in het humane genoom. Een groot deel van de RNA-moleculen bleek gerelateerd te zijn 
aan tRNAs, de hierboven beschreven moleculen die aminozuren begeleiden voordat deze 
worden ingebouwd in een eiwit. Bij de productie van tRNAs ontstaat eerst een kopie van een 
tRNA gen, een halffabrikaat dat precursor-tRNA wordt genoemd. Na het aan weerskanten 
afknippen van stukken van de precursor-tRNA ontstaat het uiteindelijke tRNA molecuul. Bij 
het merendeel van de gevonden tRNA-achtige moleculen bleek het echter niet te gaan om 
volledige tRNAs, maar om moleculen samengesteld uit een halve tRNA, met daaraan vast 
een deel van de precursor-tRNA, dat er dus niet vanaf geknipt was. In de literatuur zijn tRNA 
fragmenten eerder beschreven en blijken zij een rol te spelen bij de regulatie van celdeling 
en de reactie van cellen op stress. Het type fragment dat in dit onderzoek aangetroffen is, 
is echter nooit eerder beschreven. Een eventuele functie van deze fragmenten is daarom 
ook nog totaal onbekend. Naast de tRNA-gerelateerde fragmenten werden ook andere 
RNA-moleculen in prostasomen aangetroffen, waaronder kleine hoeveelheden mRNA. 
Eventuele functies van het prostasomale RNA zijn nog onbekend en zullen moeten worden 
opgehelderd door middel van vervolgonderzoek. Daarnaast is het ook interessant om na te 
gaan of prostasomaal RNA gebruikt kan worden als marker (indicator) voor prostaatkanker. 
Normaal gesproken worden prostasomen alleen uitgescheiden in de zaadvloeistof, maar bij 
prostaatkanker kan de opbouw van het prostaatweefsel dusdanig verstoord zijn dat ze ook 
in de bloedcirculatie terechtkomen. Het screenen op de aanwezigheid van prostasomaal 
RNA in het bloed zou dan ook een methode kunnen zijn om prostaatkanker op te sporen 
en te typeren. 

In Hoofdstuk 6 wordt de interactie tussen 50 nm prostasomen en spermacellen 
beschreven, in dit geval van de hengst. De spermacellen zijn hierbij onder 
kweekomstandigheden gestimuleerd tot capacitatie, al dan niet in aanwezigheid van 
prostasomen. Prostasomen bleken alleen aan levende spermacellen te binden onder 
capacitatiebevorderende omstandigheden. Zo kunnen prostasomen specifiek met 
capaciterende spermacellen meeliften op weg naar de eicel, waarbij onderweg prostasomale 
lipiden en eiwitten aan de spermacel kunnen worden overgedragen. Een essentiëel element 
van de late fase van de spermacelcapacitatie, de zogenaamde tyrosine fosforylering van 
spermaceleiwitten, bleek juist te worden geremd door prostasomen. Prostasomen lijken 
dus de voortgang van capacitatie te reguleren. Aangezien de levensduur van spermacelen 
aanzienlijk wordt verkort na volledige capacitatie, zou remming daarvan door prostasomen 
kunnen bijdragen aan een verlenging van de levensduur van spermacellen.  

In Hoofdstuk 7 worden de implicaties van het onderzoek dat werd beschreven 
in dit proefschrift geïntegreerd besproken. De resultaten van dit onderzoek hebben 
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inzicht gegeven in de moleculaire samenstelling van twee typen prostasomen, met 
betrekking tot eiwitten, lipiden en RNA. Dit heeft interessante aanwijzingen gegeven voor 
(mogelijke) functies van prostasomen in het voortplantingsproces en bij het afremmen van 
immuunreacties. Daarnaast geven de resultaten aanwijzingen voor de mogelijkheid om 
prostasomen te gebruiken als marker voor prostaatkanker. 
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‘That’s one small step for science, one giant leap for me’

 - vrij naar Neil Armstrong - 

Het geeft een voldaan gevoel dat dit boekje af is! Hoewel alleen mijn naam op de 
omslag staat, hebben vele anderen hun steen(tje) aan dit proefschrift bijgedragen. Het is 
onmogelijk om iedereen persoonlijk te bedanken, maar een aantal mensen wil ik graag bij 
naam noemen: 
Willem, hartelijk dank voor je hulp en begeleiding. Eerst was je vooral mijn promotor, maar 
later heb je ook de ‘dagelijkse’ begeleiding op je genomen. Het was prettig dat ik ook met 
kleine vragen bij je binnen mocht lopen. 
Tom, ondanks dat wij elkaar minder vaak zagen, heb ik je begeleiding altijd prettig gevonden. 
Als het nodig was, kon ik altijd bij je langskomen. Hartelijk dank daarvoor. 
Federica, nadat ik een fijne stage bij je gedaan had, wilde ik heel graag bij jou een 
promotieonderzoek doen. Ik vind het dan ook erg jammer dat je niet mijn copromotor bent 
geworden. Ik denk met veel plezier terug aan onze samenwerking en de gastvrijheid van jou 
en je familie in Frankrijk. Veel dank!
Esther Nolte en Marca, dank jullie wel voor jullie waardevolle bijdragen tijdens 
werkbesprekingen, discussies en het schrijven over exosomen. Ik heb heel veel van jullie 
geleerd. Esther, ook hartelijk dank voor de ondersteuning bij het FACSen en de RNA-analyses. 
Ik vind dat jouw benaming ‘frustasoom’ (prostasoom van gesteriliseerde man) in de Dikke 
van Dale mag. 
Edita en Bart, dank jullie wel voor het delen van jullie kennis over de wondere wereld van 
de spermatozoa. Edita, ook bedankt voor je hulp en gezelligheid op het lab. Het was fijn dat 
ik af en toe even stoom bij je mocht komen afblazen. 
Richard, Esther van ‘t Veld en Ton, dank jullie wel voor alle keren dat jullie bijsprongen als 
ik het spoor bijster was achter de fluorescentie- of electronenmicroscoop. Ook bedankt 
voor jullie hulp bij het maken van de mooiste plaatjes. Esther, dank je wel voor de vele 
gezamenlijke koppen koffie en de ritten te paard.  Ik hoop dat we beide nog vaker zullen 
doen.  
Nico Lansu, Frans-Paul Ruzius en Edwin Cuppen , bedankt voor het uitvoeren van de Solid 
sequencing en de goede adviezen bij de interpretatie van de resultaten. Henk Buermans en 
Peter-Bram ’t Hoen, hartelijk dank voor de prettige samenwerking bij het verwerken van de 
sequencing-data en het orde scheppen in de voor mij moeilijke RNA-materie. 
Jos en Jeroen, hartelijk dank voor het analyseren van de lipidensamenstelling van 
prostasomen. Het heeft ‘vet’-spannende resultaten opgeleverd!
Andries, Jaimy, Jon en Fred, dank jullie wel dat ik altijd bij jullie terecht kon als ik 
hengstensperma nodig had. Gelukkig had Billy zelf er meestal ook geen problemen mee. 
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Mabel, Arend en Marta dank jullie wel voor de fijne sfeer op het fertiliteitslab. Karin, hartelijk 
dank voor onze gezamenlijke poging IVF bij het paard uit te voeren. Zo kreeg ‘eieren zoeken’ 
tijdens het paasweekend ineens een hele andere betekenis. 
Guillaume van Niel, thank you for performing cryo-EM of prostasomes. It’s always a pleasure 
to actually see them.
Ger Arkesteijn, dank je wel  voor je deskundige en geduldige hulp bij de FACS-experimenten. 
Chris, wat fijn dat jij zo handig bent met labapparatuur dat je mijn kolom en fractiecollector 
elke keer weer aan de praat hebt weten te krijgen.
Medewerkers van het fertiliteitslab van het Meander Medisch Centrum, bedankt voor het 
verzamelen van de humane seminale vloeistof. 
Mijn kamergenoten Els, Diana, Susan, Maaike en Jim, bedankt voor de gezellige (werk)sfeer. 
Als er hard gewerkt moest worden, haalden we in stilte thee voor elkaar (met koekjes van 
Els), maar vaak waren we iets luidruchtiger. Els, dank je wel dat je mijn paranimf wilt zijn. 
Jij bent er ook al bijna; succes met de laatste loodjes! Zullen we onze appelstickertjesstatis-
tieken daarna ook publiceren?
Toine, het was fijn om iemand in de buurt te hebben die in hetzelfde schuitje zat. Daarbij 
had ik het geluk dat jij mij net voorging bij alle deadlines, zodat ik veel had aan jouw tips and 
tricks. Dank je wel daarvoor en ook voor de gezelligheid en de muziek op het lab. 
Petra, je kan het zo gek niet bedenken of jij regelt het wel. Dank je wel voor al je hulp en je 
lieve post-it-briefjes. Ook denk ik met veel plezier terug aan het Rode Kruis-vakantieproject 
dat we samen hebben gedaan.    
Theo, Carla en Caspaar, ik heb er veel van geleerd om samen met jullie onderwijs te geven. 
Dank jullie wel voor de fijne samenwerking. Theo, ik zal nooit vergeten dat ik de studenten 
op jouw aanraden een ‘wave’ heb laten doen in de collegezaal. Carla, heel veel succes met 
het voortzetten van het prostasomenonderzoek. 
Mieke, dank je wel voor alle hulp op het lab, alle last-minute bestellingen en je dagelijkse 
hartelijke ‘Goedemorgen!’. 
Marijke, dank je wel voor de gezelligheid. Veel succes met je eigen promotieonderzoek.
Alle andere collega’s en ex-collega’s, bedankt voor de prettige samenwerking  en de 
gezelligheid binnen en buiten het lab. Special thanks to Nicole, Ruud, Mijke, Kim, Ynske, 
Núria, Francesca, Jaël, Jason, Wangsa, Arjan, Mokrish et al. for all BLA-activities, including 
board games, multiculti dinners, Sinterklaas games, ice skating, ‘80s-‘90s parties and other 
entertainment.  
Nieuwe collega’s bij de GD, ik heb het naar mijn zin met jullie. Jet en Erik, dank jullie wel 
voor jullie geduld bij het inwerken, toen er in mijn hoofd nog niet altijd genoeg plaats was 
voor nieuwe informatie. 
Mirthe, oud-klasgenootje, wat leuk dat ik per toeval zag dat spermatozoa ook een 
terugkerend thema zijn in jouw werk. Dank je wel voor het ontwerpen van de omslag. 
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Verder hebben mijn dierbare familie, schoonfamilie en vrienden elk op hun eigen manier 
gezorgd voor plezier en afleiding in de afgelopen jaren. Dank jullie wel voor alles, ook voor 
jullie geduld als ik weer eens geen tijd had. Ik ben vanaf nu weer te boeken voor allerhande 
gezelligheid. Henk, ik vind het super dat je speciaal komt ‘invliegen’ om bij de verdediging 
aanwezig te kunnen zijn. 
Anke, ik vind het heel bijzonder dat wij, ondanks het grote verschil tussen taalkunde en 
diergeneeskunde, ‘samen’ promoveren en elkaars paranimfen zullen zijn. Dank je wel voor 
je vriendschap en succes met de afronding van je eigen proefschrift. 
Lieve ouders, dank jullie wel voor alle kansen en aanmoedigingen die jullie mij altijd hebben 
gegeven om me te ontwikkelen tot wie ik nu ben. 
Lieve Mike, jij hebt de allergrootste steen bijgedragen aan dit proefschrift, vooral door me 
de ruimte te geven om dit werk te doen en dit boekje te schrijven. Dank je wel lief, zonder 
jouw steun had ik dit echt niet kunnen doen!

Marian



183

Dankwoord





Curriculum Vitae

M



Curriculum vitae

186



187

Curriculum vitae

Marian Aalberts werd op 27 maart 1979 geboren te Doetinchem. In 1997 behaalde 
zij daar het gymnasiumdiploma aan het Rietveld Lyceum. In datzelfde jaar begon zij 
met de studie Diergeneeskunde aan de Universiteit Utrecht, waarvan zij in 2001 het 
doctoraaldiploma behaalde. Aansluitend werkte zij in het kader van een Excellent 
Tracé (Master of Veterinary Research) vijftien maanden aan een onderzoek naar de 
functionele veranderingen in de rundercervix tijdens de dracht en de partus. Zij werd 
hierbij begeleid door dr. Federica van Dissel-Emiliani van het departement Biochemie 
en Celbiologie en dr. Vidya Breeveld-Dwarkasing en prof. dr. Marcel Taverne van het 
departement Gezondheidszorg Landbouwhuisdieren, van de Faculteit Diergeneeskunde 
te Utrecht. Vervolgens hervatte Marian de reguliere opleiding en doorliep zij de uniforme 
coschappen en het differentiatiecoschap Herkauwer, waarna zij in augustus 2004 haar 
dierenartsdiploma behaalde. Van september 2004 tot december 2006 werkte zij als Junior 
Universitair Docent bij het departement Biochemie en Celbiologie. Aansluitend startte zij 
als Assistent in Opleiding met het promotieonderzoek waarvan de resultaten beschreven 
zijn in dit proefschrift. Dit onderzoek werd uitgevoerd aan het departement Biochemie en 
Celbiologie en het departement Gezondheidszorg Paard en begeleid door prof. dr. Willem 
Stoorvogel, prof. dr. Tom Stout en dr. Federica van Dissel-Emiliani. In 2008 behaalde Marian 
de Basiskwalificatie Onderwijs van de Faculteit Diergeneeskunde. Vanaf september 2011 
is zij werkzaam bij de afdeling Research & Development van de Gezondheidsdienst voor 
Dieren te Deventer, als wetenschappelijk medewerker met aandachtsgebied immunologie 
van herkauwers. 






