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1. INTRODUCTION 

1.1 Importance of Seminal Fluid in Reproduction 

Semen is composed from sequential secretions from several male glands, such as 

Cowpers glands, prostate and seminal vesicles, each fraction accounting for approximately 5%, 

15-30% and 60% of the total ejaculate, respectively (Björndahl and Kvist, 2003). Spermatozoa 

production can be estimated by the total number of spermatozoa in the ejaculate and the 

secretory activity of the glands by ejaculate´s total volume, which influences spermatozoa 

quality (WHO, 2010). Although semen analysis of ejaculated spermatozoa does not define an 

individual´s fertility potential, it can reflect his clinical status (WHO, 2010). According to 

recommendations of the World Health Organization´s (WHO) (WHO, 2010), several 

parameters are analyzed during conventional semen analysis. Spermatozoa concentration and 

total spermatozoa count as well as motility, vitality and morphology are the most important 

assessments. Total volume, pH, viscosity, appearance and odor, as well as the presence of 

non-sperm cells represent the secretory activity of the glands and reveal the presence of a 

concomitant infection (WHO, 2010).  

Seminal fluid has been considered as just a vehicle for sperm delivery to fertilize the 

oocyte. However, in the last years several studies suggested that this body fluid consists of 

important bioactive signaling agents that evoke cellular and gene expression changes in the 

female immune system (Figure 1) (Robertson and Sharkey, 2016). For example, Robertson 

and Sharkey (2016) reported that seminal fluid interacts with the lumen epithelium on the 

endometrial surface, resulting in induction or suppression of different mRNAs. These will then 

induce the local synthesis of proinflammatory cytokines, which will recruit immune cells such 

as macrophages, dendritic cells and granulocytes into the endometrial stroma and lumen. 

Subsequently, macrophages and neutrophils are involved in clearing cellular debris and 

defective sperms from the lumen, whereas dendritic cells take up seminal fluid antigens for 

cross-presentation to activate and expand regulatory T cells. This promotes endometrial 

receptivity for embryo implantation and supports the establishment of pregnancy with 

trophoblast invasion (Robertson and Sharkey, 2016). The absence of seminal fluid signaling 

may have an impact not only on the likelihood of conception but also on the offspring (Bromfield 

et al., 2014).   
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Figure 1. Illustration of the actions of 
seminal fluid in the female 
reproductive tract. Studies from 
rodents and pigs have shown that 
seminal fluid is able to induce 
production of proinflammatory 
cytokines that recruit and activate 
inflammatory cells in the endometrium. 
This in turn promotes tissue 
remodeling, immune tolerance of 
pregnancy, phagocytic clearance of 
cellular debris and trophic actions on 
the developing embryo. Source: Figure 
3 from Robertson, 2005, page 46. 
Springer Cell and Tissue Research, 
Seminal plasma and male factor 
signalling in the female reproductive 
tract, 322, 2005, 43, Robertson SA, 
copyright © Springer-Verlag 2005 
"With permission of Springer". 

 

Upon ejaculation, spermatozoa are deposited in the lower female tract (Figure 2) in a 

gelatinous coagulum, rich in semenogelins (SEM), which are degraded by prostatic enzymes, 

such as prostate-specific antigen (PSA) (Lilja et al., 1984), also known as kallikrein hK3 (Lilja, 

1985). The resulting fragments are further cleaved by prostatic acid phosphatase (PAP) 

(Brillard-Bourdet et al., 2002). Spontaneous liquefaction occurs within 15 to 20 minutes in 

healthy individuals, releasing spermatozoa with progressive motility (Lilja et al., 1989). 

Nevertheless, there are still several barriers to be overcome by the spermatozoa before 

fertilization can take place. One of them includes crossing the dense cervical mucus before 

reaching the uterus (Suarez and Pacey, 2006). Once in the uterus, there is a drastic selection 

for timeous capacitation (Giojalas et al., 2004) and motility, as well as elimination of round cells 

(Eisenbach and Giojalas, 2006). From thousands of sperms (107) deposited in the vagina, only 

a few hundred reach the ampullar region of the Fallopian tubes, where the oocyte is released 

and fertilization occurs (Wassarman, 1999).  
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Figure 2. Spermatozoa pathway in the female reproductive tract and its obstacles for a 
successful fertilization. Spermatozoa are deposited in high concentrations in the vagina involved in 
the semen coagulum, composed mainly of semenogelins, which are degraded by PSA and PAP 
cleavage. In the cervix, the cervical mucus imposes a selection mechanism for highly motile and of 
good morphology spermatozoa. In the uterus, elimination of round cells and selection of spermatozoa 
based on their motility and capacitation is another crucial step until the spermatozoa reaches the 
storage site (in animals). Upon ovulation, capacitated spermatozoa are then guided to the ovulated 
egg by chemo- and thermotaxis. Source: Adapted from Figure 1 from Eisenbach and Giojalas (2006), 
page 278. Adapted by permission from Macmillan Publishers Ltd: NATURE REVIEWS MOLECULAR 
CELLULAR BIOLOGY 7: 276-85, Eisenbach M and Giojalas LC. Sperm Guidance in Mammals – an 
unpaved road to the egg; copyright 2006. 

 

The fertilization process is a well-controlled mechanism and spermatozoa have to acquire 

special features to be able to fertilize the ovulated oocyte. For instance, spermatozoa undergo 

capacitation-like changes in their journey to the oviduct  (Figure 2) and upon contact with 

cumulus oophorus cells, an extension of the carbohydrate layer surrounding the oocyte (Magli 

et al., 2012). Capacitation culminates in the acrosome reaction, when the outer acrosomal and 

plasma membrane at the sperm head fuse and expose the inner acrosomal membrane and its 

contents (Wassarman, 1999). Upon the acrosome reaction, one spermatozoon is able to enter 

the oocyte, resulting in the release of phospholipase C zeta and free cytosolic calcium 

oscillations (Kashir et al., 2010), which will in turn cause impermeabilization of the zona 

pellucida to further sperms, resumption of oocyte meiosis and initiation of the cell cycle (Kashir 

et al., 2010).  

One of the main objectives of researchers in the field of reproductive medicine was to 

establish a fertilization system in vitro to help infertile couples conceiving. Since the first in vitro 

baby was born in 1978 (Steptoe and Edwards, 1978), many advances in the field of 
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reproductive medicine have been made. Not only effective contraception but also exacerbated 

hope for assisted reproductive treatments have therefore instigated the conscious decision of 

postponing childbearing (Balasch and Gratacós, 2011, WHC, 2009). Infertility and subfertility 

are likely underestimated, as worldwide over 10% of women who try to conceive for five years 

or more and are in a stable relationship remain childless (Mascarenhas et al., 2012). Infertility 

prevalence can even be 2.5 fold higher if the time frame is reduced to two years and has not 

tended to decrease since the last 20 years (Mascarenhas et al., 2012).  

Infertility can be considered a disability of the reproductive system (Mascarenhas et al., 

2012) affecting around 70 million couples worldwide (Kashir et al., 2010). Sperm problems are 

the most frequent cause of infertility, varying from 28% (Kashir et al., 2010) to half of all infertility 

causes (Irvine, 1998) among studies. Explicitly, low sperm count and/or quality, as well as 

testicular insufficiencies are the leading causes (20% and 26%, respectively) of male infertility. 

Nevertheless, one quarter of male infertility is caused by idiopathic etiology (Kashir et al., 2010). 

 

1.2  Sexual Transmission of Human Immunodeficiency Virus  

Since it has been firstly reported in 1981 (CDC, 1981), much has been learned about the 

human immunodeficiency virus (HIV), which is responsible for one of the most devastating 

epidemics in the history. HIV is known to cause the acquired immunodeficiency syndrome 

(AIDS) in almost all infected individuals. Gradual loss of CD4+ T cells, the first cellular subset 

affected by the virus, and subsequent loss of immune competence are the main characteristics 

of the disease (Stevenson, 2003). This immune suppression facilitates opportunistic infections, 

such as Pneumocystis pneumonia, Kaposi sarcoma and Cryptococcal meningitis, which were 

responsible for the low survival rates in AIDS patients 25 years ago (Pomerantz and Horn, 

2003). Nowadays around 36.7 million people are living worldwide with HIV (Figure 3) and more 

than 25 million HIV-related deaths have been reported (UNAIDS, 2010, UNAIDS, 2011). 

Although the number of new infections had been steadily decreasing over the past years (15% 

less than 2001 and 21% less than 1997 – the peak of the epidemic), mainly due to effective 

prevention campaigns and increased public awareness of the problem, in 2016 still 1.8 million 

new infections were reported (UNAIDS, 2017). 
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Figure 3. Global summary of the AIDS epidemic in 2016. Source: UNAIDS, 2017, page 12.  

 

Simultaneously, the number of AIDS-related deaths is decreasing, what can be 

accounted to a wider dissemination of antiretroviral therapy in the last years. Since 1995, 2.5 

million deaths could be prevented (UNAIDS, 2011, UNAIDS, 2017). In 1985, when no 

antiretroviral therapy was available, the cumulative probability of survival was 48.8±0.7 and 

15.2±1.8 % (mean ± SEM) for one and five years, respectively (Rothenberg et al., 1987). The 

first therapy approved by the US Food and Drug Administration (FDA) was zidovudine (Ezzell, 

1987), a nucleoside analog belonging to group of nucleoside reverse transcriptase inhibitors 

(NRTIs).  In the following years, highly active antiretroviral therapies (HAART) have been 

developed, accounting for the decrease in mortality (UNAIDS, 2010, UNAIDS, 2011). The 

cumulative mortality post-HAART has been decreased to 5%, 10% and 18% at 4, 8 and 12 

years, respectively (Lifson et al., 2012).  

HIV can be transmitted via sexual (unprotected sexual intercourse), parenteral (drug 

abuse and contaminated blood transfusions) and vertical (mother-to-child) contact. 

Unprotected sex is the major mode of transmission of HIV, accounting for approximately 28.2 

million infections (almost 85%) (Hladik and McElrath, 2008). Consequently, the major invasion 

sites are female and male genital tracts and the intestinal tract (rectum and upper 

gastrointestinal tract). Vertical transmission accounts for around 7% of all HIV infections 

(approximately 2.4 million) and the transmission probability per exposure event can be as high 

as 1 in 5 (intrapartum and breast feeding). The third route of transmission, parenteral, accounts 

for almost 8% of infections (2.6 million, mostly intravenous drug use) and the transmission 

probability per exposure event ranges from 95 in 100 to 1 in 150  (Hladik and McElrath, 2008). 

In contrast to the other exposure sites, transmission probability in the female and male genital 

tract are considerably low, ranging from 1 in 200 to 1 in 2,000 and 1 in 700 to 1 in 3,000 (per 

exposure event), respectively. In the rectum, due to the columnar single layer epithelium, 

transmission probability is higher, literally 1 in 20 to 1 in 300 events (Hladik and McElrath, 2008). 

This reflects the fact that unprotected sex between men is still one of the dominant patterns of 

HIV transmission in developed countries nowadays (North America, Western and Central 

Europe) (UNAIDS, 2010).  
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In women, 30-40% of new HIV-1 infections occur through vaginal intercourse, where the 

virus has to invade the vaginal mucosa (multilayered squamous epithelium) or the endocervix 

(single-layer columnar epithelium) (Hladik and McElrath, 2008). It has been shown that one 

founder virus is sufficient to establish infection and that most isolates are CCR5 tropic viruses 

(Keele et al., 2008). As semen is the main vector for HIV-1 transmission, it may contain 

inhibitors and enhancers of HIV-1 infection that are able to propagate the virus into an epidemic 

(Münch et al., 2007). 

 

 

1.3 Human semen harbors amyloid fibrils 

Seminal amyloids were discovered in the context of HIV-1 infection but not studied in the 

context of normal reproductive physiology. Our research group found that one fragment of the 

abundant semen protein prostatic acid phosphatase (PAP) is able to form amyloid fibrils in vitro. 

This fragment (PAP248-286) has been termed SEVI, or Semen-derived Enhancer of Virus 

Infection, due to its ability to effectively enhance HIV-1 infectivity (Münch et al., 2007).  SEVI 

enhances infection of several HIV-1 strains in different cell lines at several folds of magnitude. 

SEVI-dependent enhancement of infection is more pronounced at low viral inoculums, closely 

resembling the viral load during sexual intercourse (in vivo). Interestingly, HIV-1 infectivity in 

vitro is enhanced not only by SEVI but also by semen and seminal fluid (Münch et al., 2007). 

In the past ten years, several groups confirmed the ability of SEVI to promote HIV-1 infection 

(Arnold et al., 2012, Kim et al., 2010, Roan et al., 2009, Roan et al., 2010, Olsen et al., 2012). 

Since then, further peptides derived from PAP or semenogelins, two abundant semen proteins, 

have been identified to have amyloidogenic properties and do also enhance HIV-1 infectivity 

(Arnold et al., 2012, Roan et al., 2011b, Roan et al., 2014b). The individual PAP248-286 

concentration in semen is donor-dependent and correlates with semen mediated enhancement 

of infectivity (Kim et al., 2010) but can be averaged to approximately 35 µg/ml (Münch et al., 

2007). Peptide fibril formation of SEVI fibrils in vitro is dependent on agitation conditions, 

seeding, pH and ionic strength, and follows a nucleation-dependent elongation mechanism that 

is typical for amyloids (Ye et al., 2009, Nanga et al., 2009).   

It has recently been shown that untreated semen initially contains mature amyloid fibrils 

(Usmani et al., 2014). Seminal amyloids were detected by transmission electron microscopy, 

atomic force microscopy, amyloid-specific antibodies and dyes (Figure 4) (Usmani et al., 2014). 

Seminal amyloids not only consist of SEVI fibrils (Usmani et al., 2014), but also SEM1(86-107) 

(Roan et al., 2014b) and probably other peptides. Thus, interfering with the formation or 

degradation of seminal amyloids has been one approach to develop effective methods to 

prevent sexual HIV-1 transmission.  
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Figure 4. Detection of endogenous seminal amyloids by confocal fluorescence microscopy. 
Synthetic SEVI fibrils and three semen samples (SE-A to C) were stained with amyloid-sensitive dyes 
ProteoStat®, pFTAA and ThT. Scale bar represents 5 µm. Source: Figure 1c from Usmani et al. 
(2014), page 3.   

 

On the one hand, the employment of microbicides to kill the limited amount of virions 

needed for the establishment of infection is widely studied (antiviral approach). However, it has 

been shown that in the presence of semen, the efficacy of these compounds is impaired (Zirafi 

et al., 2014). On the other hand, the development of compounds that counteract SEVI-mediated 

enhancement of HIV infection is pursued (anti-amyloid approach). For example, BTA-EG6 

(hexa-ethylene glycol derivative of benzothiazole aniline) (Olsen et al., 2010, Capule et al., 

2012), and surfen (bis-2-methyl-4-amino-quinolyl-6-carbamide), a glycosaminoglycan 

antagonist of heparan sulfate (Roan et al., 2010), are small binding molecules that intercalate 

into the structure of amyloids fibrils. Moreover, just recently a compound that combines both 

anti-amyloid and antiviral activities has been identified in our group (Lump et al., 2015). The 

molecular tweezer CLR01 has been shown to be a promising microbicide, as it prevents the 

formation of virion-amyloid complexes and is able to directly disrupt the viral membrane of HIV 

(Lump et al., 2015). Nevertheless, it is important to know the physiological role of seminal 

amyloids before its function can be effectively counteracted and must be considered in clinical 

studies. 

SEVI-mediated HIV infectivity enhancement relies on its ability to facilitate attachment of 

virus particles to cells. Due to its positive surface charge (Roan et al., 2009, Roan et al., 2011b) 

and perhaps its structural disorder (Nanga et al., 2009), SEVI brings virus and cell membranes 

in spatial proximity by “neutralizing” the negatively charged membranes and avoiding 

electrostatic repulsion (Roan et al., 2009, Roan et al., 2011b). Since these findings have been 
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proved, the question arose whether SEVI may also enhance spermatozoa´s fertilizing capacity. 

This hypothesis is based on the fact that both viruses and spermatozoa share the same 

anatomical and functional context, for example in interacting with its target cell receptors via 

chemical charges, hydrophobic forces and carbohydrate recognition, as well as similar 

signaling pathways (Doncel, 2006). Surprisingly, I was able to show in Master Thesis that 

seminal amyloids did not enhance fertilization rates in a mouse model, but on the contrary, 

significantly and dose-dependently inhibited the fertilization process (Figure 5A). Decreased 

fertilization was not due to cytotoxicity of the fibrils, as it had been assured that seminal 

amyloids are neither toxic to the oocytes, fertilized embryos or spermatozoa. However, we 

found that seminal amyloids could effectively entrap human and mouse spermatozoa, resulting 

in a loss of progressive motility (Figure 5B) (Sandi Monroy, 2012, Roan et al., 2017). This 

represents a detrimental feature for fertilization to occur not only in vivo but also in vitro (Pusch, 

1987). These results raise the question whether seminal amyloids are solely disease-related. 

 

A B 

 
 

Figure 5. Seminal amyloids impact fertilization and spermatozoa movement in vitro. A, synthetic 
seminal amyloids dose-dependently inhibit in vitro fertilization rates in a mouse model. Source: Figure 
1 from Roan et al. (2017), page 4. B, synthetic seminal amyloids efficiently entrap human spermatozoa 
in a dose-dependent manner. Source: Figure 2A from Roan et al. (2017), page 6. Copyright © 2017, 
Roan et al. eLife 2017;6:e24888. 

 

1.4 Amyloid  fibrils are not only disease-related 

Amyloid fibrils are “continuous -sheets lying parallel to the long axis of the fibrils, with 

the constituent -strands running perpendicular to this axis” (Serag et al., 2002) resulting from 

aggregation or self-assembly of soluble peptides or conformational altered proteins (Serag et 

al., 2002). Amyloid fibrils have been reported to be involved in several neurodegenerative 

diseases, such as Alzheimer´s and Parkinson´s diseases, spongiform encephalopathy and 

diabetic neuropathies (Serag et al., 2002). There have been a few rare cases of testicular 

(Scalvini et al., 2007) and seminal vesicle (Furuya et al., 2005) amyloidosis which are age-

related and result in infertility.  
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Recent studies have shown that amyloid fibrils are not only associated with 

neurodegenerative diseases but also exert functional roles (Otzen, 2010, Fowler et al., 2007). 

Due to its robust design and simple structure, amyloids represent a valuable building material 

for cells (Otzen, 2010). The list of functional amyloids is growing continuously, the best studied 

were found in lower organisms, such as bacteria, fungi and insects (Fowler et al., 2007). In 

humans, Pmel17 participates in the control of melanin polarization as a template (Fowler et al., 

2006) and several hormones are stored in secretory granules (Maji et al., 2009).  

Functional amyloids have also been described for mouse spermatozoa (Guyonnet et al., 

2014), which are present in the acrosomal matrix and help in forming a stable infrastructure for 

protein dispersion during the acrosome reaction and in establishing interactions with the zona 

pellucida (Guyonnet et al., 2014). The murine zona pellucida represents a highly conserved 

functional amyloid and has a detrimental role in protecting the oocyte and developing embryo 

from proteases (Egge et al., 2015). Furthermore, Balbiani bodies, present in most vertebrates 

oocytes, are organelle-rich structures organized by functional amyloids (Xvelo for Xenupus for 

example) (Boke et al., 2016). This conserved mechanism of tightly packing organelles and 

organizing the cytoplasm may help oocytes function as long-lived cells (Boke et al., 2016). 

Seminal amyloids have so far only been described in the context of HIV-1 infection and 

SEVI has thus been considered as a pathological agent (Nizhnikov et al., 2015). Seminal 

amyloids could also be involved in male infertility, as synthetic fibrils could effectively entrap 

human and mouse sperms (Figure 6) and inhibit fertilization rates (Sandi Monroy, 2012, Roan 

et al., 2017). However, SEM proteins are highly conserved among species and all great apes 

harbor an amyloidogenic peptide sequence, SEM1(86-107) (Roan et al., 2014b). Some non-

human primates have a copy of SEM 2 instead of SEM1, and all primates have a source of 

cationic amyloidogenic peptides, even if homology with human SEM is missing (Roan et al., 

2014b). These data suggest that seminal amyloids may have a conserved physiological role in 

vivo so far not elucidated. 
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Figure 6. Mouse spermatozoa are efficiently entrapped by synthetic amyloid fibrils. Mouse 
spermatozoa were stained with Hoechst 33342 and incubated in the absence (A) or presence (B) of 
50 µg/ml of ProteoStat®-stained SEVI fibrils. Images were acquired for 20 s with an interval of 1 s on 
a laser scanning confocal microscope (20X air objective, scale bar represents 50 µm) and still images 
from a representative experiment are shown.  Source: Figure 1 – figure supplement 3 from Roan et 
al. (2017), DOI: 10.7554/eLife.24888.006 mentioned on page 4. Copyright © 2017, Roan et al. eLife 
2017;6:e24888. 

 

1.5 Scientific Aim 

Seminal amyloids had been initially detected and described in the context of HIV-1 

infection. As synthetic amyloid fibrils efficiently inhibit fertilization and entrap spermatozoa, 

increased concentrations of seminal amyloids in semen could lead to male infertility. Therefore, 

the aims of my thesis were to determine which semen characteristics are important for 

enhancement of HIV-1 infection and to define if the excess of seminal amyloids could be a 

reason for male infertility. Furthermore, I wanted to determine whether endogenous amyloid 

fibrils can be detected in unmodified semen and how synthetic fibrils are degraded in vitro. Last 
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but not least, I aimed to determine if endogenous amyloids behave the same way as synthetic 

fibrils regarding spermatozoa entrapment and which physiological role they could play.  
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2 MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Eukaryotic cells 

Adherent cell lines 

293T Human embryonic kidney cells transformed by adenovirus 

type 5 DNA fragments and containing the temperature 

sensitive mutant of SV40 large T-antigen (DuBridge et al., 

1987). 

TZM-bl HeLa-derived cell line expressing CD4, CCR5 and CXCR4 

encoding the firefly luciferase and ß-galactosidase gene 

under the control of HIV-1 promoter (Platt et al., 1998).  

2.1.2 Bacteria 

Escherichia coli XL2-

Blue™ 

 

recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F’ 

proAB lacIqZΔM15 Tn10 (Tetr) Amy Camr] (Stratagene, 

Heidelberg) 

 

2.1.3 Human Semen 

Human semen samples were collected from patients in the ‘Kinderwunsch-Zentrum Ulm’ 

(Germany) after giving informed consent (Approval Number 351/10 and 156/13). Semen 

samples were classified according to the WHO laboratory manual for the examination and 

processing of human semen (2012). 

2.1.4 Nucleic Acids 

2.1.4.1 Plasmids 

Used plasmids were all ampicillin resistant for selection in bacteria. 

pBRHIV-1NL4_3-

92TH014-2 (R5) 

Plasmid encoding HIV-1 NL4-3 provirus with an exchanged 

V3-loop of the R5-tropic 92th014.12 isolate (Papkalla et al., 

2002). 

pBRNL43_92TH14-

12(R5)nef+_IG 

Plasmid encoding HIV-1 NL4-3 provirus with the green 

fluorescent protein as reporter gene.  

2.1.4.2 Molecular Weight Size Markes 

1 kb DNA ladder Invitrogen (Karlsruhe) 
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2.1.5 Proteins 

2.1.5.1 Peptides 

Peptides were synthesized and lyophilized with at least 90 to 95 % purity by Celtek Peptides 

(Nashville, USA) and by CPC Scientific (Sunnyvale, USA). 

PAP248-286 GIHKQKEKSRLQGGVLVNEILNHMKRATQI

PSYKKLIMY 

SEM1(86-107) DLNALHKTTKSQRHLGGSQQLL 

 

2.1.5.2 Enzymes 

Restriction-

endonucleases 

(HindIII, MluI and 

HpaI) 

New England Biolabs (Frankfurt a. M.) 

 

2.1.5.3 Standards 

Protein standards were used in the p24 ELISA, ThT binding assay and protein 

quantification. 

HIV-1 p24 protein 

(ab43037) 

Abcam® (Cambridge, UK) 

BSA Sigma (München) 

HSA Sigma (München) 

2.1.6  Reagents and Utilities 

µ-Slide 18 Well – Flat Ibidi (Martinsried) 

µ-Slide 8 well Ibidi (Martinsried) 

µ-slides VI0.4 Ibidi (Martinsried) 

1 ml 3-part Slip Tip Syringe Terumo® (Eschborn) 

100x15mm non-TC Petri dish BD Falcon™ 

3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide 

(MTT) 

Sigma (München) 

35 mm Nunclon™ Δ surface cell 

culture dish 

Nunc™ (Langenselbold) 

4-well Nunclon™ Δ surface dish Nunc™ (Langenselbold) 
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60 x 15 mm Style Standard 

Dishes 

BD Falcon™ 

Agarose Invitrogen/Gibco (Karlsruhe) 

Ampicillin Bayer (Leverkusen) 

Bacto-trypton BD/Difco (Heidelberg) 

BD Plastipak™ 1 ml Sub-Q 26G 

x ½“ Sterile Syringe 

BD/Difco (Heidelberg) 

Calcium chloride (CaCl2), 

14ehydrate   

AppliChem (Darmstadt) 

Cell culture flasks Sarstedt (Nümbrecht)  

Cell culture well plates Greiner Bio-one (Frickenhausen) 

CellBIND® 96 Well Flat Clear 

Bottom Black Polystyrene 

Microplates 

Corning Life Sciences (Lowell, USA) 

Clusterin Human ELISA BioVendor (Kassel) 

Congo Red Sigma (München) 

CountBright™ Absolute 

Counting Beads 

Thermo Fisher (Schwerte) 

Cover splis Thermo Scientific (Schwerte) 

DIFF Quick Stain Set  Medion Diagnostic (Düdingen, Switzerland) 

Dimethylsulfoxid (DMSO) Fluka (Neu-Ulm) 

Disodium hydrogen phosphate, 

dehydrate (Na2HPO4 x 2H2O) 

Applichem (Darmstadt) 

Doxycycline Sigma (München) 

Dulbecco´s Modified Eagle 

Medium (DMEM) 

Invitrogen/Gibco (Karlsruhe) 

Ethanol Sigma (München) 

Ethidiumbromid  Sigma (München) 
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F-96-Nunclon-delta white 

microwell plates 

Nunc™ (Langenselbold) 

Fetal calf serum (FCS) Invitrogen/Gibco (Karlsruhe) 

FITC Annexin V Apoptosis 

Detection Kit 

 

BD Biosciences (Heidelberg) 

Gal-screen® substrate Applied Biosystems (Carlsbad, USA)  

Gentamicin Invitrogen/Gibco (Karlsruhe) 

Glass Slide 76 x 26 x 1mm Thermo Scientific (Schwerte) 

Glucose Merck (Darmstadt) 

Glycerol Merck (Darmstadt) 

Handling Pipette Gynétics ® Medical Products N.V. (Lommel, Belgium) 

HIV-1 p24 capsid antigen ELISA AIDS Repository (Frederick, USA) 

Hoechst 33342 Molecular Probes® (Darmstadt) 

Human β-NGF Standard ABTS 

ELISA Development Kit 

PeproTech (Hamburg) 

Immersion oil  Zeiss (Oberkochen) 

Immuno 96 MicroWell™ 

MaxiSorp™ 

Nunc™ (Langenselbold) 

Isopropanol Merck (Darmstadt) 

Kallikrein 12 R&D Systems (Wiesbaden-Nordenstadt) 

Kallikrein 13 Novoprotein (Summit, USA) 

Kleenex Kimberley-Clark (Koblenz) 

L-glutamine Invitrogen/Gibco (Karlsruhe) 

Methanol Sigma (München) 
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Natriumhydroxid (NaOH) VWR (Darmstadt) 

Penicillin-Streptomycin Invitrogen/Gibco (Karlsruhe) 

pFTAA  

pH strips (pH 7.5 – 9.5) Machery-Nagel GmbH & Co. KG (Düren) 

Phosphate Buffered Saline 

(PBS) 

Invitrogen/Gibco (Karlsruhe) 

Propidium Iodide (PI) Sigma (München) 

Protein Assay Bio-Rad (München) 

ProteoStat® Amyloid plaque 

detection kit  

ENZO Life Sciences (New York, USA) 

PSA Prospecbio (Rehovot, Israel) 

PureCeption™ 40 % Sage In Vitro Fertilization (Ulm) 

PureCeption™ 80 % Sage In Vitro Fertilization (Ulm) 

Quinn’s Advantage™ Sperm 

Washing Medium 

Sage In Vitro Fertilization (Ulm) 

Raffinose  

Retransfer Pipettes 115-124 μm BioMedical Instruments (Zöllnitz) 

Safe lock tubes Eppendorf (Hamburg) 

Skim milk  

SOC-Medium Invitrogen/Gibco (Karlsruhe) 

Sodium chloride (NaCl) VWR (Darmstadt) 

Sodium chloride (NaCl) 0.9% B. Braun (Melsungen) 

Thioflavin T Sigma (München) 
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TMB Peroxidase Substrate 

System 

KPL Inc. (Gaithersburg, USA) 

Transfer pipette Sarstedt (Nümbrecht) 

Triton X-100 Sigma (München) 

Tween 20 Roth (Karlsruhe) 

Whatman paper Whatman Maidstone (Kent, England) 

Wizard™ Plus Midiprep Kit Promega (Mannheim) 

Yeast extract BD/Difco (Heidelberg) 

2.1.7 Media 

2.1.7.1 Cell and Bacteria Culture Media 

Adherent cells DMEM supplemented with 350 μg/ml L-Glutamine, 120 

μg/ml Streptomycin sulfate, 120 μg/ml Penicillin and 10% 

(v/v) heat inactivated FCS. 

LB-Medium 10 g/l Bacto-Trypton, 5 g/l Yeast-extract, 8 g/l NaCl, 1 g/l 

Glucose; 100 mg/l Ampicillin was added just before use. 

LBAMP Agar 15 g/l Agar and 100 mg/l Ampicillin in LB-Medium 

SOC-Medium Invitrogen/Gibco (Karlsruhe) 

2.1.7.2 Sperm Washing Media 

Quinn's™ Sperm Washing 

Medium 

Supplemented with 5 mg/ml human serum albumin for 

assays using spermatozoa. 

 

2.1.8 Solutions and Buffers 

2.1.8.1 Transfection with Calcium Phosphate 

2 M CaCl2  

10x HBS 8.18% (w/v) NaCl, 5.94% (w/v) HEPES, 0.2% (w/v) 

Na2HPO4
 
x 2 H2O.  

The solutions were filtered, the pH adjusted to 7.12 with 1 M NaOH and stored at 4°C for up to 

6 months. 

2.1.8.2 HIV-1 p24 Capsid Antigen ELISA 

Lysis solution 0.5% (v/v) Triton X-100 in distilled water 
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Wash buffer PBS supplemented with 0.05% (v/v) Tween 20 (PBST).  

Sample diluent PBST supplemented with 0.05% (v/v) Triton X-100 

Primary antibody 

diluent 

PBST supplemented with 10% (v/v) FCS and 0.13% (v/v) 

polyclonal anti-p24 sera  

Secondary antibody 

diluent 

PBST supplemented with 10% (v/v) FCS and 1:2000 

secondary antibody 

Substrate TMB Peroxidase Substrate System (KPL, USA) 

Stop solution 0.5 M H2SO4 

2.1.8.3 Electrophoresis 

50x TAE-buffer 5Prime (Hamburg) 

2.1.9  Antibodies 

Mouse monoclonal 

anti-HIV-1 p24 

(MAK183) 

Exbio (Vestec, Czech Republic) 

Rabbit polyclonal anti 

p-24 (Sera) 

Exbio (Vestec, Czech Republic) 

Goat anti-rabbit IgG, 

Fc-HRPO 

Dianova GmbH (Hamburg) 

2.2 Methods 

2.2.1 DNA 

2.2.1.1 Plasmid DNA preparation 

Plasmid DNAs used for transfection were prepared using the commercial WizardTMPlus 

Midiprep Kit following the manufacturer´s protocol. Plasmid DNA concentration and purity were 

determined with the NanoDrop 2000 Spectrophotometer (peQLab, Erlangen). Plasmid DNAs 

that did not meet the quality standards were discarded.  

2.2.1.2 Restriction Digest  

Plasmid DNAs were controlled by restriction digest with HindIII or MluI and HpaI. For 

digestion, 1 µl of plasmid DNA was incubated at 37°C for 1 h with 1 µl of adequate restriction 

enzymes and 2 µl of its respective NEBuffer (10x) in a final volume of 20 µl in a humidified 

incubator (Thermo Scientific, Forma Steri-Cult, Schwerte, Germany). 

2.2.1.3 Electrophoresis 

Loading dye (5 µl) was added to digested plasmid DNAs (20 µl) and ran on a 0.7% (w/v) 

agarose gel containing ethidium bromide in TAE buffer for separation. An undigested plasmid 

DNA and a DNA ladder (5 µl) were run in parallel with the samples. DNA was separated 

according to their length for 45 min at 120 V  in the Voltage PowerPAC 300 Basic Power Supply 



 

 
Materials and Methods 

19 

(BioRAD, München) and DNA bands were visualized and saved with the GelDoc XR (BioRAD, 

München). 

 

2.2.2 Bacteria 

2.2.2.1 Transformation 

For bacteria transformation and plasmid amplification, 1 µl of plasmid DNA was incubated 

with 5 µl of Escherichia coli XL2 BlueTM for 20 minutes on ice followed by a 30 s heat-shock at 

42°C and 2.5 min on ice for cooling. For bacterial growth stimulation, 200 µl of SOC medium 

was added and transformed bacteria were incubated for at least 20 min at 37°C and 400 rpm 

in a Thermomixer (Eppendorf, Hamburg). Subsequently, 60 µl of bacteria were plated on LB 

agar plates supplemented with ampicillin and incubated at 37°C overnight.  

2.2.2.2 Culture 

Single colonies of bacteria were inoculated in 150 ml of pre-warmed LB media 

supplemented with 100 mg/l ampicillin and incubated for 16 h on a shaker at 37°C for midi 

preparation.   

 

2.2.3 Cell Culture 

Adherent cell lines cells were cultured in DMEM supplemented with 10% (v/v) FCS, 350 

μg/ml L-glutamine and 120 μg/ml penicillin-streptomycin. Cells were maintained in 25 cm2 or 

175 cm2 cell culture flasks for adherent cells (Sarstedt, Nümbrecht) in a humidified incubator at 

37 °C and 5% CO2. Cells were passaged 1:10 twice a week and discarded after passage 30. 

2.2.3.1 Cell viability assay 

In order to determine semen toxicity to TZM-bl cells during infectivity assay, TZM-bl cells 

were treated for 2 h with 3.3%, 0.66%, 0.132% and 0.0264% semen, corresponding 

respectively to the 50%, 10%, 2% and 0.4% semen concentrations during virus pre-treatment 

in the semen infectivity assay. To maximize toxicity effects, TZM-bl cells were seeded in F-well 

plates (Greiner Bio-one, Frickenhausen) at a concentration of 5,000 cells per 100 µl DMEM per 

well one day before the experiments. Just before the experiments, 180 µl DMEM supplemented 

with 1% gentamicin was added to cells that were approximately 50% confluent. After 2 h 

treatment, fresh DMEM-gentamicin medium was added to the cells and 3 days later cell viability 

was assessed by the MTT Assay (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide). This assay uses a tetrazole that is reduced by the activity of cellular enzymes to a 

purple insoluble formazan. As the tetrazolium ring can mostly be cleaved in active mitochondria 

(Mosmann, 1983), i.e. in living cells, it gives an estimation of the percentage of living cells after 

a cytotoxic treatment. To assess cell viability, 0.5 mg/ml MTT substrate were added to the cells 

3 days after treatment. Following 3-4 h incubation at 37°C, supernatant was removed and 

formazan precipitate was dissolved in a DMSO-ethanol (v/v) solution. Absorbance was 

measured at 490/650 nm by the VMax Kinetic ELISA Microplate Reader (Molecular Devices, 

LLC, Sunnyvale, CA, USA). As a positive control, cells were treated with 50 mM doxycycline 

for 2 h.  
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2.2.4 Virus 

2.2.4.1 Generation of virus stocks 

The calcium phosphate transfection method (Graham and van der Eb, 1973) was used 

to generate virus stocks by transient transfection of 293T cells. The cells were seeded in 6-well 

plates (Greiner Bio-one, Frickenhausen) at a concentration of 500,000 cells per 2 ml medium 

per well and the following day at a confluence of approximately 60% media was changed. 5 µg 

(per well) of good quality proviral plasmids were diluted in 125 mM CaCl2 and given dropwise 

to an equal volume of 2 x HBS. After mixing well with the pipette, the DNA precipitate (200 µl) 

was added slowly and dropwise to the cells. After 6 – 12 h incubation, media was replaced with 

fresh DMEM supplemented with 1% FCS (v/v) to reduce cytotoxic effects. Supernatant was 

collected 40 h post media change, centrifuged for 3 minutes (1,300 rpm) to remove cellular 

debris and stored at 4°C for up to one week and then frozen at -80°C in aliquots.  

2.2.4.2 Infectivity assay 

As an indirect assessment of amyloid content in semen, the enhancing capacity of HIV-

1 infection in vitro of the individual semen samples was determined. Therefore TZM-bl cells 

were seeded one day before infection at 10,000 cells per 100 µl per well in DMEM in F-well 

plates. Prior to infection, 280 µl DMEM supplemented with 1% gentamicin was added to 65-

75% confluent cells before infection to avoid semen cytotoxic effects. To further minimize 

cytotoxic effects to the cells during infection, semen was diluted to 50, 10, 2, 0.4 and 0% during 

virus pretreatment with 0.1 ng p24 (20x virus dilution) capsid antigen of R5-tropic HIV-1 stock 

(final semen concentration in the cells was 3.33, 0.66, 0.13, 0.026 and 0%) and media was 

replaced after 2 h incubation (Münch et al., 2007).  

Cells were infected by adding 20 µl of preincubated virus to the cells in triplicates and 

allowed to incubate at 37°C and 5% CO2 in air for 3 days. Reporter gene readout of TZM-bl 

cells was performed 3 days post infection by the Galscreen® substrate (diluted 1:6 in PBS). 

Before removing the supernatant, cytophatic effect (CPE) and cytotoxicity (CT) were controlled 

at each concentration for each sample. Then media was removed and 40 µl of the diluted 

substrate were added to the cells. The cells were incubated at room temperature for 30 min to 

allow the ß-galactosidase enzyme, which was produced in infected TZM-bl cells, to convert the 

substrate into a luminescent product. The luminescence can then be read out by transferring 

35 µl of the cell lysates into F-96-Nunclon-delta white microwell plates (NuncTM, 

Langenselbold) and measuring the luminescent signal in an Orion Microplate Luminometer 

(Berthold Detection Systems, Pforzheim) with the Software Simplicity 4.02 (Berthold Detection 

Systems). The enzyme activity is given as relative light units per second (RLU/s). Average and 

standard deviation were calculated after background (non-infected cells) was subtracted and 

n-fold enhancement by dividing the infection values (without background) by the ones of 

infected cells in the absence of amyloid fibrils or semen. 
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2.2.5 Proteins 

2.2.5.1 HIV-1 p24 antigen ELISA 

For quantification of HIV-1 in virus stocks, the HIV-1 p24 capsid antigen ELISA developed 

in our laboratory was used. For coating, microwell plates (MaxiSorp™, Nunc™) were coated 

overnight with mouse monoclonal anti-HIV-1 p24 antibody (Exbio®) in a wet chamber at room 

temperature. In the next day, plates were washed three times with PBST and blocked with 10% 

FCS for 2 hours at 37°C. After blocking, plates were washed again and virus stocks that had 

been previously inactivated with 0.5% (v/v) Triton X-100 for 1 h at 37°C were transferred into 

the microwells. The HIV-1 p24 capsid (Abcam®) was used as standard. Plates were incubated 

at room temperature in a wet chamber overnight. After incubation, the plates were washed to 

remove unbound capsids and a polyclonal rabbit anti-HIV-1 p24 antibody (Exbio®) was added 

and incubated for 1 h at 37°C. Following another washing step to remove unbound antibodies, 

the rabbit antibody was detected with a secondary goat anti-rabbit antibody conjugated with 

horse radish peroxidase (HRP) by incubating it for 1 h at 37°C. After washing, the peroxidase 

substrate (TMB) was added and the reaction was stopped after 20 min with 0.5 M H2SO4. 

Measurement of optical density (OD) was performed at 450 nm and 650 nm with the 

Thermomax microplate reader (Molecular devices, UK). The amount of p24 capsid antigen 

present in the virus stocks was determined by comparing the OD to the standard curve.  

2.2.5.2 Fibril formation 

SEVI (PAP248-286) and SEM1(86-107) were synthesized and lyophilized by Celtek 

Peptides (Nashville, TN) or CPC Scientific (Sunnyvale, CA).  

The peptides were dissolved in PBS at a concentration of 5 or 10 mg/ml and then agitated 

for two to ten days at 37°C in a Thermomixer (Eppendorf, Hamburg) at 1,400 rpm to promote 

amyloid fibril formation. It has been demonstrated that sample rotation can accelerate fibril 

polymerization. This is due on the one side to the increase in collision among oligomers with 

growing fibrils ends and on the other to dissociating unproductive complexes (Serio et al., 2000). 

 

2.2.6 Establishment of a Characterized Semen Database  

2.2.6.1 Native ejaculate analysis 

Semen analysis was performed on a heated stage (HT300, Minitüb, Tiefenbach Germany) 

after the samples were liquefied (10 to 60 min) depending on its appearance over time. After 

liquefaction, pH was measured using paper strips (Machery-Nagel GmbH & Co. KG, Düren, 

Germany) and then total volume, viscoelastic properties and overall appearance were 

estimated with a transfer pipette (Sarstedt). An aliquot of the liquefied semen sample was then 

frozen immediately at - 20°C for further analysis. 

Spermatozoa motility and concentration were estimated using 10 µl of native semen in a 

Makler® Counting Chamber (Sefi-Medical Instruments, Haifa, Israel) under 20-fold 

magnification (Olympus BX 51, Hamburg, Germany) with a phase contrast microscope 

(Olympus, 20x/0.40 Ph1). Briefly, 100 sperms were randomly counted for motility estimation 

according the WHO Manual classification (2012). The concentration was determined by 
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counting the number of sperms in at least one row of the chamber and is represented as million 

spermatozoa per ml (Makler, 1978). 

Vitality was determined with eosin staining of 10 µl of semen on a glass objective (Thermo 

Scientific, Schwerte, Germany) covered with a cover slip (24x24 mm) within 5 min. Viable 

spermatozoa did not take up the dye and violet sperms were considered dead. Morphology 

assessment was performed on a smear of the native sample after staining with the DIFF-Quick 

Protocol (Medion Diagnostic, Switzerland), based on the Romanowsky stain. Normal 

morphology spermatozoa were counted under 100-fold magnification (Olympus, 100x/1.25 oil 

Ph3) and oil immersion. 

2.2.6.2 Patient´s hormone and fertility status 

Panels of several hormones were estimated in serum at the time of sample collection or 

previously for consenting patients (see Table 1). Presence of gene defects, number of children 

and other relevant information were also collected for future analysis.  

Table 1. Hormones included in the analysis with its normal range in serum and measuring unit. 

Hormone Minimum Maximum Unit 

LH (Luteinizing Hormone) 1,2 8,3 mIU/ml 

FSH (Follicle Stimulation Hormone) 3 8 mIU/ml 

LH/FSH ratio 
 

2 
 

Total Testosterone 4,2 9,5 ng/ml 

Free Testosterone 26 167 pg/ml 

DHEA sulfate (dehydroepiandrosterone) 139,7 484,4 µg/dl 

SHBG-S (Sex hormone-binding globulin) 22 58 nmol/l 

Prolactin 3 14,7 ng/ml 

Androstendion 1,2 3,2 ng/ml 

Estradiol 35 52 pg/ml 

 

2.2.6.3 Thioflavin T quantification assay 

In order to quantify amyloid fibrils in semen samples or other solutions, one amyloid-

sensitive dye was used to establish the quantification assay. ThT is a cationic benzothiazole 

salt that has been proposed to present an increased fluorescence upon binding to β-sheet rich 

structures (Krebs et al., 2005). Furthermore, the enhanced fluorescence can be explained by 

hydrogen-bonding of micelles of ThT to amyloid fibrils  (Khurana et al., 2005), and the 

interaction with amyloids causes a red shift in the spectrum. ThT is a better amyloid dye than 

Congo Red, although ThT also bind to negatively charged nucleic acids, resulting in an 

increased fluorescence (Khurana et al., 2001). 

In this quantification assay, a stock solution of 200 µM ThT was prepared in sterile PBS, 

filtered and stored at 4°C until use. To create a standard curve to estimate the concentration of 

amyloids present in semen, SEVI was used as standard for amyloid fibrils and HSA and BSA 

as standards for proteins. Semen is a heterogeneous solution and analyzing it with ThT without 

any dilution would result in fluorescence over the detection limit of the equipment used. 

Therefore, several dilutions and dye concentrations were tested and only the 10% semen 
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dilution was used in the final quantification assay. As semen alone can result in background 

fluorescence, the fluorescence of each semen sample without ThT was measured. PBS alone 

was used as negative control, as the stock solution of ThT and semen dilutions were prepared 

with it.  

All standard and semen dilutions were prepared in U-well microplates (Greiner Bio-one, 

Frickenhausen) and 90 µl transferred into Corning® CellBIND® 96 Well Flat Clear Bottom Black 

Polystyrene Microplates. ThT was added thereafter to the microplates (100 µl final volume, 20 

µM ThT), and the samples were well mixed by pipetting. Microplates were incubated in the dark 

(room temperature) for 15 min with constant shaking (350 rpm) before being measured in the 

microplate reader Infinite® M1000 Pro (Tecan Group Ltd., Switzerland). ThT was excited at 

435 nm and emission spectra was measured between 470 and 650 nm, with a 5 nm bandwidth 

and manual gain set to 150.  

For each semen sample, the semen fluorescence (value given without ThT), as well as 

background fluorescence (PBS only) and protein fluorescence (calculated from protein 

standard curve, after protein concentration was estimated for each sample), were removed, 

resulting in a “real” fluorescence which was used to estimate amyloid content.  

2.2.6.4  Total protein content determination 

Protein content was determined using the Bradford method (Bradford, 1976). This is a 

colorimetric protein assay using the dye Coomassie Brilliant Blue G-250, whose absorbance 

shifts upon binding to proteins. Therefore, the concentration of protein is proportional to the 

amount of bound dye (increase in absorbance measured). The assay was performed according 

to manufacturer´s instructions (Bio-Rad Protein Assay, München) for microplates and high-

concentration assay. Briefly, dye reagent was prepared by diluting 1 part of Dye Reagent 

Concentrate with 4 parts of deionized water and then filtering it through a Whatman #1 filter to 

remove particulates. Standard curves were created using triplicates of increasing 

concentrations of BSA and HSA (0.0146 to 15 mg/ml) dissolved in PBS. Semen samples were 

measured in duplicates and samples were diluted to 10, 5, 2 and 0.4% in PBS (to enter the 

linear range of the assay) in U–well microplates (Greiner Bio-one, Frickenhausen) and 10 µl 

were then transferred into F-well microplates (Greiner Bio-one, Frickenhausen). Next, the dye 

reagent was added (200 µl per well), well mixed by pipetting and further homogenized at room 

temperature in a plate shaker (350 rpm) for at least 10 min (and no longer than 30 min), until 

all semen dilutions had been prepared. Absorbance was measured in the microplate reader 

Infinite® M1000 Pro (Tecan Group Ltd., Switzerland) at 595 nm. The linear range of the assay 

according to the manufacturer´s instructions was 0.05 – 0.5 mg/ml of protein.  

2.2.6.5 Clusterin ELISA 

The concentration of clusterin in semen was determined using the commercial ELISA kit 

for human clusterin (BioVendor, Kassel) according to manufacturer’s instructions.  Semen 

samples were diluted 2000-fold in the dilution buffer and 100 µl were transferred to antibody 

coated microtiter strips in duplicates. To determine the clusterin concentration, a validated 

master standard was used, as well as “high” and “low” standards for quality control and dilution 

buffer alone as blank.  All steps were performed at room temperature. The plates were 

incubated for one h shaking at approximately 300 rpm on an orbital microplate shaker (Tritamax 
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100, Heidolph). After that, the wells were washed five times with 350 µl wash solution and then 

100 µ of biotin labeled antibody solution were added to each well. The plates were incubated 

again for one h shaking at approximately 300 rpm before the wells were washed again five 

times with washing solution. Streptavidin-HRP conjugate was added into each well (100 µl) and 

incubated for 30 min shaking at approximately 300 rpm. The wells were washed again five 

times with wash solution before 100 µl of the substrate solution was added to the wells. The 

plates were incubated for 10 min in the dark without agitation and the reaction was stopped by 

adding 100 µl of stop solution. The absorbance of each well was read using a microplate reader 

(Molecular Devices) set to 450 nm with the reference wavelength set to 650 nm. All plates were 

also read at 405 nm as some samples might have absorbance above the upper limit of the 

microplate reader, and reading at 405 nm was used for off-scale samples. Clusterin 

concentration (ng/ml) was then calculated after plotting the mean absorbance of standards 

against the known concentration of standards in logarithmic scale. 

 

2.2.7 Detection of Endogenous Seminal Amyloids 

In an indirect quantitative assay for amyloid fibrils in semen, the amyloid specific dye 

ProteoStat® (Amyloid Plaque Detection Kit, Enzo life science, Germany) was used as 

recommended by the manufacturer. Frozen/thawed semen samples were stained with the dye 

at room temperature for 15 min. Semen samples were transferred onto µ-Slide VI Ibidi slides 

(IbidiGmbH) and analyzed by confocal microscopy. Stained SEVI fibrils were used as a positive 

control for the stain. ProteoStat® was excited by a 561 nm laser line and the emission was 

collected using appropriate beam splitters. Images from different regions (2-10 per sample) 

were acquired using Plan-Apochromat 63x/1.40 oil objective lenses on a LSM710 confocal 

microscope (Zeiss) equipped with Zen-Software (Zeiss, Germany). The confocal pin hole was 

adjusted to 1 airy unit. Images were processed using the Zen-Software (Zeiss, Germany) and 

mean fluorescence intensity was estimated for all acquired images.  

 

2.2.8 Effect of Endogenous Seminal Amyloids on Spermatozoa  

In order to determine the effects of endogenous seminal amyloids on spermatozoa 

motility patterns, liquefied semen was overlaid with pre-warmed sperm medium (Quinn’s 

Advantage™ Sperm Washing Medium) and incubated for 20-30 min in a 45° angle at room 

temperature. Once the medium was turbid, 500 µl of the supernatant was carefully removed 

without disturbing the semen layer. Swim-up spermatozoa were then washed with fresh media 

and centrifuged for 10 minutes at 250 g. Supernatant was removed and sperm pellet was 

resuspended in 0.3 to 0.5 ml of sperm medium. Seminal fluid was prepared by centrifuging 

frozen semen stocks for 10 minutes at 14,000 rpm at 4°C. Spermatozoa concentration was 

always constant among the different experimental groups and seminal fluid concentration was 

the only variable, ranging from 0% to 70%. Motility at the population level was confirmed by 

computer-assisted sperm analysis (CASA), where patterns of motility (progressive, non-

progressive, immotile), as well as other velocity parameters were determined (Table 2) for the 

different incubation time points. 
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Table 2. Overview of CASA parameters 

Abbreviation Name Unit Description 

VCL curvilinear velocity µm/s the average path velocity of the sperm head along its 
actual trajectory 

VSL  linear velocity µm/s the average path velocity measured in a straight line 
from the beginning to the end of the track 

VAP average path velocity   µm/s the average velocity of the smoothed cell path 

ALH mean amplitude of lateral 
head displacement 

μm the average value of the extreme side-to-side 
movement of the sperm head in each beat cycle 

WOB wobble coefficient % the ratio between VAP and VCL 

 

2.2.9 Degradation of Seminal Amyloids by Proteases and Seminal Fluid 

Amyloidogenic peptides in semen result from the proteolytic cleavage of abundant semen 

proteins by seminal proteases (Münch et al., 2007, Roan et al., 2011b). During intercourse, 

spermatozoa are deposited in the lower female reproductive tract with the seminal fluid 

containing seminal amyloids. This raised the question whether those fibrils would be further 

degraded in the female tract or how they would be eliminated to avoid a cellular cytotoxicity as 

seen for other amyloids in neurodegenerative diseases (Ross and Poirier, 2004). Therefore, I 

wanted to test whether seminal amyloids could be degraded in vitro by seminal and vaginal 

proteases and by seminal fluid.  

2.2.9.1 Degradation of seminal amyloids by proteases 

SEVI fibrils (500 µg/ml) were incubated with 0.1 mg/ml of PSA, 7.6 µg/ml of KLK13 or 5 

µg/ml of KLK 12 for the indicated time periods. The samples were then stained with 

ProteoStat® for 15 minutes and were transferred onto µ-Slide VI Ibidi slides (IbidiGmbH) and 

analyzed by confocal microscopy. ProteoStat® was excited by a 561 nm laser line and the 

emission was collected using appropriate beam splitters. Images from different regions (3 per 

sample) were acquired using Plan-Neofluar 40x/1.30 Oil objective lenses on a LSM710 

confocal microscope (Zeiss) equipped with Zen-Software (Zeiss, Germany). The confocal pin 

hole was adjusted to 1 airy unit. Images were processed using the Zen-Software (Zeiss, 

Germany) and final fibril concentration was set to 250 µg/ml.  

2.2.9.2 Degradation of seminal amyloids by seminal fluid 

In order to assess the ability of seminal fluid to degrade synthetic seminal amyloids, pre-

formed fibrils were first stained with pFTAA and ProteoStat® for 15 min, washed with PBS and 

centrifuged to remove unbound dye. Seminal fluid was prepared by centrifuging frozen semen 

stocks for 10 min at 14,000 rpm at 4°C. Stained amyloid fibrils were then incubated with PBS 

(control) or seminal fluid for the indicated time points. For confocal imaging of the fibrils, 

samples transferred onto µ-Slide VI Ibidi slides (IbidiGmbH) shortly before analysis. 

ProteoStat® and pFTAA were excited by a 561 nm and 488 nm laser lines, respectively, and 

the emission was collected using appropriate beam splitters. Images from different regions (3 

per sample) were acquired using Plan-Neofluar 40x/1.30 Oil objective lenses on a LSM710 

confocal microscope (Zeiss) equipped with Zen-Software (Zeiss, Germany). The confocal pin 

hole was adjusted to 1 airy unit. Images were processed using the Zen-Software (Zeiss, 

Germany) and final fibril concentration was set to 200 µg/ml.  
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In order to quantify the degradation, two approaches were used. First, histograms of all 

acquired images were assessed with the Zen-Software (Zeiss, Germany) and the mean 

fluorescence intensity of each group was calculated and compared among the groups. 

Secondly, pFTAA fluorescence kinetic was measured with a microplate reader. Pre-stained 

and treated samples were transferred into Corning® CellBIND® 96 Well Flat Clear Bottom 

Black Polystyrene Microplates (final pFTAA concentration was 0.3 µM and final fibril 

concentration was 100 µg/ml). Microplates were incubated in the dark (room temperature) for 

15 min with constant shaking (350 rpm) before being measured in the microplate reader 

Infinite® M1000 Pro (Tecan Group Ltd., Switzerland). pFTAA was excited at 450 nm and 

emission spectra was measured between 480 and 700 nm, with a 5 nm bandwidth and manual 

gain set to 150. 

 

2.2.10 Interaction of Spermatozoa and Synthetic Seminal Amyloids 

Viable spermatozoa were isolated through the density gradient method and were then 

allowed to swim-up in a 45° angle at 37°C for at least one hour. For the density gradient, 

liquefied semen was pipetted carefully to overlaid pre-warmed 40% and 80% gradient 

(PureCeption™, Sage in vitro Fertilization, Berlin, Germany) in a 15 ml centrifuge tube. 

Samples were centrifuged for 20 min at 350 g (Megafure 1.0 R, Heraeus, Langenselbold, 

Germany). After carefully discarding the supernatant, the pelleted spermatozoa were 

resuspended in fresh pre-warmed sperm medium (Quinn’s Advantage™ Sperm Washing 

Medium) in a new centrifuge tube to maximize recovered motility. Sperms were again 

centrifuged at 250 g for 8 min for washing, and then the supernatant was discarded and fresh 

medium (0.3 – 1 ml, depending on pellet size) was laid carefully over it. The tube was incubated 

at 37°C for at least one h for capacitation. 

2.2.10.1 Isolation of non-apoptotic and apoptotic human spermatozoa 

Human spermatozoa suspensions after density gradient were further separated for the 

apoptotic marker phosphatidylserine (PS) expressed in the plasma membrane with the MACS 

ART Annexin V System (Miltenyi Biotec, Germany). Isolation proceeded according to 

manufacturer’s instructions. Briefly, spermatozoa suspensions were diluted to 50 million cells 

per ml with binding buffer, pelleted and spermatozoa resuspended in Annexin V reagent and 

binding buffer. After incubation at room temperature for 15 minutes, spermatozoa suspension 

was applied onto the column and the flow-through fraction containing unlabeled sperms (non-

apoptotic, PS negative) was collected. The MS column was then removed from the magnetic 

field and washed with binding buffer to collect the second fraction of labeled sperms (apoptotic, 

PS positive). The cells were then washed extensively with HEPES buffered sperm washing 

medium to remove any remaining label.  

2.2.10.2 Selective entrapment assay 

For each experiment, two to four donors were used to avoid inter-donor variability. After 

density gradient isolation, spermatozoa from different donors were pooled, centrifuged at 250 

g for 5 min, the supernatant was discarded and sperm was resuspended in 4 ml fresh Sperm 

Washing Medium. The sample was split into two, where one sample remained at room 
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temperature for 24 h and the other was immediately used. Equal amounts of spermatozoa were 

aliquoted to centrifuge tubes (total volume of 600 µl per tube), in the presence or absence of 

100 µg/ml SEVI or SEM fibrils. All tubes were again centrifuged at 250 g for 5 min for pelleting 

of sperm and fibrils. Tubes were then incubated at room temperature in an angle of 

approximately 45°. Spermatozoa were allowed to swim up for approximately 30 min before 2/3 

of the supernatant was removed and washed in cold PBS. Swim-up spermatozoa were 

resuspended in Annexin V binding buffer and stained for the apoptotic marker 

phosphatidylserine by use of FITC-conjugated Annexin V and vitality by use of Propidium Iodide 

(PI) according to manufacturer´s instructions (FITC Annexin V Apoptosis Detection Kit, BD 

Biosciences).  After the staining, equal amounts of counting beads (CountBright™ Absolute 

Counting Beads, Thermo Fisher) were added to each sample and spermatozoa concentrations 

were determined according to manufacturer´s instructions. As a positive control, one aliquot of 

sperm were frozen-thawed five times to achieve high apoptotic/damaged sperm concentrations 

in the samples, as spermatozoa can be hardly induced to undergo apoptosis under 

experimental conditions (Aitken et al., 2011). Negative controls for fluorescence labeling and 

autofluorescence included the following: unlabeled sperm cells, labeled sperm cells with only 

Annexin V or only PI, SEVI or SEM fibrils, counting beads. All samples were analyzed by flow 

cytometry and different sperm populations identified (non-apoptotic, early apoptotic, late 

apoptotic and dead sperm) based on the presence of the two dyes. As spermatozoa 

concentration varied greatly among donors, for general spermatozoa entrapment relative 

percentages were used instead of concentration.  

2.2.10.3 Imaging of synthetic fibrils and spermatozoa 

PS positive and negative spermatozoa were stained with the nuclear dye Hoechst 33342 

and amyloid fibrils were stained with ProteoStat® amyloid staining dye. 1 x 105 stained 

spermatozoa (final concentration 107/mL stained spermatozoa) were mixed with 200 µg/mL of 

stained seminal fibrils in a final volume of 50 µL. Samples were incubated for 15-20 min at 37°C 

and images were acquired for 20 s with an interval of 1 s using Plan-Apochromat 40X/1.40 air 

objective lenses on a LSM710 confocal microscope (Zeiss) equipped with Zen-Software (Zeiss, 

Germany). A total of 3 -5 experiments were performed for each donor (n=3) at 37°C in µ-Slide 

18 wells (Ibidi, Martinsried). The total number of free spermatozoa and spermatozoa trapped 

within the amyloid network was determined from all frames over a 20 s period and then the 

percentage of entrapped cells was calculated. 

 

2.2.11 Purification of Endogenous Seminal Amyloids 

Liquefied semen samples from 20 donors were frozen after collection and pooled 

simultaneously, giving approximately 26 ml of semen. Processing of semen samples and 

generation of a semen peptide library was described in details by Münch et al. (2007). Protein 

elution after eluting the peptides was monitored with an absorbance detector at 214 nm. In total 

40 fractions were collected, freeze-dried and resuspended in 200 l of PBS. After all 

purifications steps, approximately 60% of the starting material is recovered (15 ml of semen). 

For the entrapment assays, 2.3% of the starting material and 3-fold dilutions thereof were used, 

corresponding to semen volume equivalents of 0.34 ml, 0.17 ml, and 0.08 ml. 
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2.2.11.1 Imaging of endogenous fibrils and spermatozoa 

Positive and negative fractions of the peptide library (based on Thioflavin T, ThT, 

fluorescence) and SEVI were stained with ProteoStat® and pFTAA (pentamer formyl thiophene 

acetic acid), two amyloid sensitive dyes (Usmani et al., 2014). 1 x 105 spermatozoa were 

stained with the nuclear dye Hoechst 33342 and incubated for 15 min with 50 µg/ml of SEVI or 

increasing concentrations of selected peptide fractions (equivalent of 0.08, 0.17 or 0.34 ml of 

semen) at 37°C. Images were acquired for 20 s with an interval of 1s using Plan-Apochromat 

63X/1.40 air objective lenses on a LSM710 confocal microscope (Zeiss) equipped with Zen-

Software (Zeiss, Germany). All experiments were performed at 37 ºC in µ-Slide 18 wells (Ibidi, 

Martinsried). Due to limited material, only one to two donors were used and 3-5 movies were 

analyzed for each condition for the number of entrapped spermatozoa. The total number of free 

spermatozoa and spermatozoa trapped within the amyloid network was determined from all 

frames over a 20 s period and then the percentage of entrapped cells was calculated. 

 

2.2.12  Statistical Analysis 

Paired t-test was used to compare amyloid content by means of ThT fluorescence and 

selective spermatozoa entrapment. Pearson´s correlation coefficients were calculated for all 

variables in the characterized semen database in a correlation matrix. Due to the high sample 

size, correlation coefficients greater than 0.20 or smaller than -0.20 were considered relevant 

for further analysis. Linear regression of selected correlations were performed and P and R 

square values computed.  

ProteoStat® fluorescence intensities and spermatozoa motility patterns were compared 

by one way analysis of variance (ANOVA) followed by the Dunnett´s Multiple Comparison Test 

when significant difference was observed. Spermatozoa entrapment with synthetic fibrils (non-

apoptotic versus apoptotic sperms) and endogenous seminal amyloids, as well as seminal 

amyloid degradation in seminal fluid, were compared by ANOVA followed by the Tukey post 

hoc test when significant difference was observed.  

Statistical analyses were performed using the GraphPad Prism Software (version 5.00 

for Windows, San Diego, California, USA). P < 0.05 was considered significant.  

 

  



 

 
Results 

29 

3 RESULTS 

3.1 Role of seminal amyloids in a multiparameter analysis 

As I have shown in my master thesis, seminal amyloids effectively inhibit spermatozoa 

movement and therefore decrease their ability to fertilize mouse oocytes in vitro (Figure 5A) 

(Roan et al., 2017). In this rationale, I wanted to test several semen samples from different 

infertile patients for their amyloid content to determine if there is a correlation among severity 

of infertility and amyloid quantity in semen. Furthermore, I wanted to define whether amyloid 

content and other semen characteristics are important for its HIV-1 enhancing capacity. 

3.1.1 Determination of classical semen parameters for the study population  

Based on the results obtained in the mouse model, we wanted to evaluate whether 

increased levels of semen amyloids are a possible cause of male infertility. Therefore, we 

collected semen aliquots from healthy (n=10) and subfertile/infertile patients (n=97) after 

informed consent in the ‘Kinderwunschzentrum’ Ulm. When patients were undergoing routine 

semen analysis, 60 to 1000 µl, depending on ejaculate volume, were immediately frozen at -

20°C upon liquefaction. Patient age, abstinence (days without sexual intercourse/ejaculation), 

ejaculate volume, pH, viscosity, spermatozoa concentration, motility, vitality, morphology, 

presence of round cells and infection were recorded. Vitality, morphology and presence of 

infection were not determined for all samples either because they were not required or because 

there were not enough cells to perform analysis. Final diagnosis of each sample was performed 

by a member of the fertility center medical team and followed the WHO guidelines from 1999 

(WHO, 2010, WHO, 1999). One semen parameter that has changed enormously in the 

classification is the percentage of normal spermatozoa morphology, which decreased from 30% 

(WHO, 1999) to 4% normality only (WHO, 2010). Therefore, we used the new morphology 

parameter as a cut-off for normality and patients presenting less than 4% normal spermatozoa 

were considered as teratozoospermic (Table 3).  

Samples showing less than 20 million spermatozoa/ml or less than 50% progressive 

motility (WHO a+b) were classified as oligozoospermia or asthenozoospermia, respectively. 

Samples presenting less than 1 million spermatozoa/ml or no sperm in the entire ejaculate were 

classified as cryptozoospermic or azoospermic, respectively. The codes were given according 

to severity of diagnostic and are shown in Table 3.   
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Table 3. Classification of semen samples. Codes were given according to severity of diagnostic. 

Code Diagnostic and number of 
samples (n = 107) 

Description 

0 Normozoospermia 
n = 10 

At least 4% normal morphology, 20 million spz/ml, 50% 
progressive motility (main parameters), pH ≥ 7.2, 
volume ≥ 2 ml, and liquefies within 60 min 

1 One abnormal parameter 
n = 32 

Presented at least 4% normal morphology and/or 20 
million spz/ml and/or 50% progressive motility (1 
abnormal only) 

2 Two abnormal parameters 
n = 26 

Presented at least 4% normal morphology and/or 20 
million spz/ml and/or 50% progressive motility (2 of 3 
abnormal) 

3 OAT I° 
n = 4 

Presented slight alterations of the 3 main parameters 

4 OAT II° 
n = 6 

Presented moderate alterations of the 3 main 
parameters 

5 OAT III° 
n = 14 

Presented strong alterations of the 3 main parameters 

6 Cryptozoospermia 
n = 10 

Less than 1 million spz/ml present in the entire ejaculate 

7 Azoospermia 
n = 5 

No spermatozoa could be found even after 
centrifugation 

 

Once all samples were well characterized according to classical semen parameters, 

complementary tests to determine protein and amyloid content were performed and its 

correlation with fertility was analyzed. 

3.1.2 Establishment of a quantification assay for amyloids in semen 

Since no quantification assay for amyloid in semen has been established, I applied 

methods classically used for pure amyloid solutions, such as the amyloid-sensitive dyes CR 

and ThT (Khurana et al., 2005). For semen, however, ThT staining results in background 

fluorescence which is due to high concentrations of DNA derived from spermatozoa, germ cells 

and leukocytes (Khurana et al., 2001). As no reliable amyloid quantification assay in semen 

existed, I first established a methodology that allows accurate estimation of amyloid content 

without causing high background fluorescence. 

The native peptide of SEVI, PAP248-286, as well as the used buffer PBS did not show 

any specific fluorescence. Abundant semen proteins, such as PAP and albumin, show low ThT 

fluorescence in the tested assay (Figure 7A). Concentrated sperm cells also show some degree 

of fluorescence when using 50 µM of ThT. However, SE-F and SEVI result in the higher 

fluorescence intensity upon binding to ThT (Figure7A). The initially tested ThT concentration 

(50µM) also proved to be too high, as seen in Figure 7B, due to high background levels. When 

comparing fluorescence intensities at 482 nm of pooled seminal fluid (SE-F) at 100% and 

pooled semen (SE) at 50%, SE 50% shows greater signal. That can be accounted in part to 

the presence of cells containing DNA, or to unspecific binding of ThT. Nevertheless, using only 

SE-F is not representative, because big amyloid complexes could be attached to the cells and 

thus be lost upon centrifugation. As high concentrations of SE resulted in extremely high 

fluorescence signals, the voltage gain in the equipment had to be set manually to obtain a 

signal within the detection limit for all tested samples. The fluorescence intensity caused by 
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500 µg/ml SEVI was underestimated when comparing SE 50%, because it resulted in signals 

out of the range. Therefore SE 10% was chosen to be used in future experiments to provide 

comparable results with a SEVI standard curve (Figure 8), as well as a dye concentration of 20 

µM ThT.   

 

  

 

Figure 7. High ThT concentration 
results in background and unspecific 
binding. Shown are fluorescence 
intensities at 482 nm upon excitation at 
435 nm and emission spectra from 450 
to 600 nm.  A, not only amyloid fibrils can 
bind the amyloid-specific dye ThT. ALB 
and PAP, abundant semen proteins, and 
cell pellets (spermatozoa, leukocytes 
and germ cells) result in great 
fluorescence  upon binding to ThT, effect 
that cannot be observed for the 
monomeric peptide or PBS. B, semen 
background fluorescence can be as high 
as SEVI for SE-F (100%) in the absence 
of ThT. High SE concentrations (50 and 
20%) provided fluorescence signals that 
may underestimate SEVI fluorescence 
due to detection limit showed by the 
equipment in this concentration. Shown 
are mean ± SD from 3 independent 
experiments. Pooled SE-F and SE were 
used. 

 

 

After the assay had been established, all semen samples in sufficient quantity were 

analyzed for amyloid content. A dilution series of SEVI was used to establish a standard curve 

for amyloids (Figure 8), as well as BSA and HSA as general control for proteins.  In essence, 

the concentration of amyloids in the semen samples were extrapolated from the standard curve 

after linear regression analysis of the curve was performed. The correlation coefficient (R2) was 

0.9898, which indicates that the data is well-correlated and the best-fit line can be applied. 

Concentration can be then calculated with the equation y=mx+b, where “y” is the measured 

fluorescence, “m” is the slope of the line (13.88 ± 0.4973), “x” is the concentration and “b” is 

A 

B 
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the Y-intercept fluorescence value (-376.9 ± 1102). All semen samples were also analyzed in 

the absence of the dye (because of auto-fluorescence), and the resulting value was subtracted 

from the fluorescence obtained signals of the samples. Once the protein content of the 

individual samples had been calculated, its respective fluorescence signal was also subtracted. 

The average fluorescence signal at 482 nm was 8261.25 ± 2751.66 (mean ± SD) and amyloid 

content calculated to be 6318 µg/ml ± 2937 (mean ± SD). The lowest amyloid concentration 

found was 432.7 µg/ml and the highest 20131 µg/ml (25% Percentile was 4386 µg/ml and 75% 

Percentile was 7750 µg/ml). Absolute protein content in this cohort of samples was 14.4 ± 4.9 

mg/ml (mean ± SD), with total protein content as low as 1.74 mg/ml and as high as 46.87 mg/ml 

(25% Percentile was 11.97 mg/ml and 75% Percentile was 16.47 mg/ml). Based on these 

results, approximately 40% of total proteins found in semen are made out of amyloids. 

1000 2000 3000 4000 5000 6000

-20000

0

20000

40000

60000

80000

µg/ml

F
lu

o
re

s
c

e
n

c
e

 I
n

te
n

s
it

y
 (

4
8

2
 n

m
)

 

Figure 8. SEVI standard curve for amyloid content. Known SEVI concentrations and its respective 
fluorescence were plotted in a graph and linear regression analysis was performed. The correlation 
coefficient (R2) was 0.9898, indicating a good correlation of the data, the slope was 13.88 ± 0.4973 
and Y, meaning Y-intercept when X=0.0, was -376.9 ± 1102. With these values, amyloid 
concentrations could be extrapolated from the curve. Graph and values were obtained from GraphPad 
Prism.   

 

3.1.3 Severity of infertility negatively correlates with amyloid content 

Once the assay was improved, all collected semen samples could be more accurately 

analyzed and the detected ThT fluorescence compared among the groups. In order to facilitate 

analysis, samples were divided into two groups: fertile/subfertile (code 0 – 3) and infertile (code 

4 – 7). Amyloid content did not increase but decrease with severity of infertility (Figure 9). ThT 

fluorescence for fertile/subfertile patients was in average 8631 ± 3120 (mean ± SD), whereas 

for infertile patients was 6605 ± 3747 (mean ± SD). This difference was statistically significant 

as revealed by a two-tailed unpaired t test (P=0.0049). When looking at the amyloid 

concentration in semen, fertile/subfertile patients had in average 6946 ± 2606 µg/ml (mean ± 

SD) and infertile men featured 5253 ± 3131 µg/ml (mean ± SD). This result indicates that 

seminal amyloids might play an important role in vivo and decreased levels may interfere with 

reproductive outcomes.   

R2=  0.9898 
Slope= 13.88 ± 0.4973 
Y = -376.9 ± 1102 
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Figure 9. Amyloid content is 
decreased in infertile donors. 
Fertile and subfertile consist of 
samples coded from zero to 
three, and infertile coded from 
four to seven (see Table 3). 
Shown are means ± SD of ThT 
fluorescence. ** represents P = 
0,0049 after unpaired t-test. 

 

 

3.2 Multiparameter analysis of characterized semen database reveals important 

features of seminal amyloids on HIV-1 infection enhancement, aging and its hormonal 

regulation 

All collected semen samples were extensively analyzed in the andrology laboratory for 

semen and spermatozoa parameters relevant for determining fertility status, such as 

spermatozoa concentration, motility, vitality and morphology, as well as volume, abstinence, 

viscosity and pH. Serum hormone levels were also controlled for all patients attending the 

fertility clinic at the time of sample collection or were previously available. N-fold enhancement 

of HIV-1 infection in vitro and amyloid, protein and clusterin concentrations were also 

determined for each sample. Effect of semen on the vitality of the reporter cell line TZM-bl was 

also studied. Once all results were available, a correlation matrix was computed (Figure 10) 

and the most relevant correlations analyzed into detail. 

  

** 
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Figure 10. Correlation matrix of all analyzed parameters in the characterized semen database. Blue 
colors indicate negative correlations ranging from -0.20 to -0.72; green colors indicate correlations 
ranging from 0.20 to 0.82; black color indicates 1.0 correlation when the analyzed parameter was 
compared with itself. A larger version of the matrix is available on Annex 1. 

 

3.2.1 Amyloid content and protein content positively correlate with HIV-1 infectivity 

enhancement 

HIV has successfully spread around the world using semen as its main vector (Royce et 

al., 1997). Therefore, it is urgently needed to determine which factors in semen are interfering 

with viral infection enhancement. In the context of AD, several factors have been reported to 

influence appearance of fibrils and disease progression as well as protein folding (Eisenberg 

and Jucker, 2012).  For HIV-1 infection, it has been shown that infection levels correlate with 

SEVI concentration (Kim et al., 2010) and that fibronectin in semen may synergistically promote 

viral entry (Roan et al., 2014a). 

By means of ThT fluorescence, I could show that amyloid content positively correlates 

with infectivity enhancement of HIV-1 in vitro when applying a 10% semen during virion 

exposure, which is the concentration where typically highest levels of infection enhancement 

are observed (Münch et al., 2007) (Pearson correlation coefficient was 0.2960, Figure 11).  
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Figure 11. Positive correlation 
among ThT fluorescence and n-fold 
enhancement of HIV-1. This is a 
representative experiment for 10% 
semen. Pearson r was 0.2960, 
P=0.0028 and R square was 0.08764. 
n=102. 

 

Furthermore, total protein content in semen also positively correlates with enhancement 

of HIV-1 infection for 10% semen (Pearson correlation coefficient was 0.3412, Figure 12).  
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Figure 12. Positive correlation among 
total protein content and n-fold 
enhancement of HIV-1. This is a 
representative experiment for 10% semen. 
Pearson r was 0.3412, P=0.0005 and R 
square was 0.1165. n=102. 

 

3.2.2 Amyloid content in semen positively correlates with age 

The incidence of AD and other forms of amyloidosis increase with age due to the 

accumulation of toxic products. In this analysis, I observed the same trend although mean age 

of donors was not as high (37.43 years ± 6.046, mean ± SD) as for neurodegenerative diseases 

(mean age of onset 70 years old for AD) (Lindsay et al., 2002). This is the first report of 

increasing concentrations of seminal amyloids with age (Figure 13). The oldest donor in this 

cohort had the highest ThT fluorescence but as samples were collected for fertility purposes, 

donor age was accordingly low.  
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Figure 13. Positive correlation 
among ThT fluorescence and age. 
Pearson r was 0.3368, P=0.0006 and R 
square was 0.1134. n=102. 

 

3.2.3 Amyloid content correlates with LH and FSH but not testosterone 

In AD, there is a dysregulation of the hypothalamic pituitary gonadal axis which is 

associated with the pathogenesis of AD.  Therefore, LH and testosterone levels have 

prognostic relevance. For seminal amyloids, I found a negative correlation between ThT 

fluorescence and levels of both LH (Figure 14A) and FSH (Figure 14B) but not for total 

testosterone (Figure 14C) or serum free testosterone (Figure 14D). These results are in 
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conformity with correlation data of serum amyloid P concentration in semen and sex steroids 

(Sonesson et al., 2011). 

 

0 2 4 6 8
0

10000

20000

30000

LH (mIU/ml)

T
h

T
 F

lu
o

re
s
c
e
n

c
e

 

0 5 10 15 20 25
0

10000

20000

30000

FSH (mIU/ml)

T
h

T
 F

lu
o

re
s
c
e
n

c
e

 

0 5 10 15
0

10000

20000

30000

Testosterone total (ng/ml)

T
h

T
 F

lu
o

re
s
c
e
n

c
e

 

0 50 100 150
0

10000

20000

30000

Serum free testosterone (pg/ml)

T
h

T
 F

lu
o

re
s
c
e
n

c
e

 

Figure 14. Correlation analysis of ThT fluorescence and four hormone levels in serum. A, 
Pearson r was -0.2255, P=0.0264 and R square was 0.05083. B, Pearson r was -0.4037, P<0.0001 
and R square was 0.1630. C, Pearson r was -0.08359, P=0.4181 and R square was 0.006987. D, 
Pearson r was -0.05486, P=0.6138 and R square was 0.003009. 

 

3.2.4 High semen viscosity interferes with enhancing properties of seminal amyloids 

It has been established that solutions of rigid polymers feature high viscosity that may 

affect protein diffusion and slow down protein folding or aggregation (Kuznetsova et al., 2014). 

I found that highly viscous semen samples had lower HIV-1 infection enhancement potential 

than samples with normal viscosity (Figure 15A). 
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Figure 15. Correlation analysis of viscosity and HIV infection enhancement and ThT 
fluorescence. A, Pearson r was -0.3256, P=0.0008 and R square was 0.1060. B, Pearson r was -
0.06082, P not significant and R square was 0.003700.  

 

Interestingly, the amount of amyloids did not to vary between samples with different 

viscosities (Figure 15B), which suggests that the formed structures are less effective in HIV-1 

infection enhancement. 

 

3.2.5 Basic pH of semen decreases enhancement of HIV-1 infection 

I also found that an increasing pH value affects semen´s capacity of enhancing HIV 

infection (Figure 16A). Since the total amount of amyloids does not vary with increasing pH 

(Figure 16B), structural changes are assumed to be responsible. It is known that acidic pH 

causes changes in the monomer. Thus, fibril formation at pH 5.5 and pH 2.5 are also limited 

since acidic pH disfavors conformations in the monomer capable of nucleation or elongation, 

or if the fibrillar structure of PAPf39 (SEVI) is not stable under acidic conditions (French and 

Makhatadze, 2012).  
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Figure 16. Correlation analysis of pH and HIV infection enhancement and ThT fluorescence. A, 
Pearson r was -0.2198, P=0.0272 and R square was 0.04833. B, Pearson r was -0.1506, P not 
significant and R square was 0.02268.  

 

3.2.6 Clusterin positively correlates with HIV-1 infectivity enhancement 

Clusterin is an extracellular chaperone involved in several pathways, among them 

facilitation of clearance of unfolded proteins. In the semen samples analyzed (n=58), clusterin 

concentrations varied from 0.96 to 503.0 ng/ml, with an average of 146.4 ± 20.65 ng/ml (mean 

± SEM). It´s concentration in semen positively correlates with all infectivity assays at all 

concentrations (see Figure 17C for Pearson correlation coefficients), as shown in Figure 17A 

for if virus was exposed to 10% semen. As observed for viscosity and pH, clusterin 

concentration does not correlate with ThT fluorescence (Figure 17B), suggesting that clusterin 

does not affect amyloid content in semen but it influences seminal amyloid enhancing ability of 

HIV-1 infection in vitro.     
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 50% 10% 2% 0.4% 0% 

Pearson r 0.4093 0.3925 0.4771 0.4413 -0.003286 

R square 0.1675 0.154 0.2276 0.1948 0.0000108 

P value 0.0019 0.003 0.0002 0.0007 0.981 
 

Figure 17. Correlation analysis of clusterin and HIV infection enhancement and ThT 
fluorescence. A, Pearson r was 0.3600, p=0.0075 and R square was 0.1296. B, Pearson r was -
0.01233, P not significant and R square was 0.0001520. C, Pearson correlation coefficients for the 
tested semen concentrations were positively correlated with clusterin concentrations in semen. R 
square and P values are also shown. In the absence of semen (0.0%), no correlation was observed. 

 

The underlying mechanism and also other correlations still have to be further determined.  

 

3.3 Detection of endogenous amyloid in fresh ejaculates 

Since SEVI was discovered (Münch et al., 2007), the detection of amyloid fibrils in semen 

remained to be demonstrated.  The amyloidogenic peptides were either isolated from a semen-

derived peptide library due to its HIV enhancing activities (SEVI and PAP85-120) (Arnold et al., 

2012, Münch et al., 2007) or by use of amyloid-sensitive antibodies and in silico prediction of 

protease cleavage sites (Roan et al., 2011b).  

Due to methodological issues, the demonstration of endogenous seminal amyloids 

remained so long elusive. The gold standard for detection of amyloid fibrils is the birefringence 

of Congo red by polarization microscopy and ThT binding by fluorescence spectroscopy 

(Nilsson, 2004). Those methods cannot be applied for semen samples due to high background 

signals (Münch et al., 2007, Easterhoff et al., 2013a). Among the methods sought in our 

laboratory to detect endogenous amyloids, I used confocal microscopy to eliminate out-of-focus 

signals and two available dyes, pFTAA (Aslund et al., 2009) and the amyloid staining kit 

ProteoStat®, a commercially available dye (Shen et al., 2011). These dyes were used to detect 

endogenous seminal amyloids in several semen samples. 
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3.3.1 Increased amyloid content in semen is not a major cause of male infertility 

As seminal amyloids could effectively entrap human and mouse spermatozoa and 

consequently decrease in vitro fertilization rates (Roan et al., 2017), we first hypothesized that 

high amounts of seminal amyloids would be detected in infertile patients. In order to screen 

several semen samples for seminal amyloids, semen samples from infertile patients (groups 7, 

6 and 5) were compared to subfertile and fertile patients (groups 1 and 0), respectively. All 

semen samples were consecutively stained with ProteoStat® and analyzed by confocal 

microscopy. All acquired images were analyzed with the ZEN Software and the mean 

fluorescence intensity for ProteoStat® in the histograms was calculated. In Figure 18, mean 

fluorescence intensities of all studied samples are shown as mean ± SD.  

 

Figure 18: Mean fluorescence intensity of ProteoStat® staining of semen samples from 
infertile, subfertile and fertile donors (see Table 3 for detailed explanation). Analysis of variance 
followed by Dunnett's Multiple Comparison Test was performed and significant differences observed 
among control and different donors are represented by asterisk (*). Results are presented as mean ± 
SD.  

 

Surprisingly, only two donors had significantly higher amounts of amyloids than the fertile 

control (donors 86 and 8, P<0.05, Figure 18). All analyzed samples of subfertile donors showed 

statistically significant lower fluorescence than the fertile control donor (donors 105, 82 and 71, 

P<0.05). Only one infertile donor had significantly reduced fluorescence than the control (donor 

45, p<0.05). However, one sample (donor 56, from an azoospermic donor) had large visible 

amyloids stained with ProteoStat® (Figure 19B) although the mean fluorescence intensity did 

not differ statistically from the fertile control (donor 18, figure 19A). These results indicate that 
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increased amyloid content in semen is not a major cause of male infertility and that amyloid 

content may not correlate at all with fertility status.  

A B 

Figure 19: Seminal amyloids in semen. Stained semen samples with ProteoStat® from a fertile (A) 
and infertile (B) donor. Large amyloid complexes can be observed in this sample. Scale bar represents 
50 µm. 

 

3.4 Endogenous seminal amyloids interfere with spermatozoa motility patterns 

So far, all experiments regarding spermatozoa entrapment had been performed with 

synthetic amyloid fibrils (Figure 5B and 6), raising the question whether endogenous seminal 

amyloids would also have an effect on spermatozoa entrapment. In order to address this 

question, I tested if increasing concentrations of seminal fluid, implying increased 

concentrations of seminal amyloids (Münch et al., 2007), would interfere with spermatozoa´s 

movement patterns as assessed by CASA. 

All parameters assessed by CASA tended to decrease with increasing concentrations of 

seminal fluid treatment (Figure 20A-H). However, only the percentage of immotile sperms and 

mean amplitude of lateral head displacement (ALH) upon exposure to 70% seminal fluid 

reached statistical significance (Figure 20C and 20H). 
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 Figure 20 continued on next page 
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Figure 20 continued  
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Figure 20. Exposure to seminal fluid affects spermatozoa motility patterns. In order to account for 
donor variations, the control group was set to 100 and differences among control and conditions are 
shown as percentage decrease/increase. A, progressively motile spermatozoa that swim forward; B, 
fast progressively motile spermatozoa that swim forward in a straight line; C, spermatozoa showing no 
motility at all; D, the average path velocity of the sperm head along its actual trajectory; E, the average 
path velocity measured in a straight line from the beginning to the end of the track; F, the average velocity 
of the smoothed cell path; G, the ratio between VAP and VCL; H, the average value of the extreme side-
to-side movement of the sperm head in each beat cycle. Analysis of variance followed by Dunnett's 
Multiple Comparison Test was performed and significant differences observed among control (0%) and 
different conditions are represented by asterisk (*). Results are presented as mean ± SEM. n=2. 

 

When looking at the multiparameter analysis of the semen database, however, I observe 

no correlation between amyloid content by means of ThT fluorescence and the percentage of 

immotile and progressive motile spermatozoa (Fig. 21A and B, respectively), suggesting that 

other factors are also affecting spermatozoa motility.  
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Figure 21. Amyloid content does not correlate with spermatozoa motility. A, Pearson r was -
0.04365, P= 0.6647 and R square was 0.001905. B, Pearson r was 0.1648, P=0.0979 and R square 
was 0.02716. 
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3.5 Synthetic seminal amyloids can be successfully degraded in seminal plasma 

In vivo, spermatozoa are deposited in the lower female tract and are entrapped in the 

semen coagulum (Lilja et al., 1984). Part of the coagulum may be formed by seminal amyloids, 

as synthetic seminal amyloids can successfully entrap spermatozoa (Roan et al., 2017). Upon 

liquefaction, spermatozoa are released from the coagulum by the action of seminal and vaginal 

proteases (Lilja et al., 1989). I wanted to assess whether the most abundant seminal and 

vaginal proteases are able to degrade seminal amyloids, resulting in an increased release of 

spermatozoa from the entrapment. Therefore I used PSA, the most abundant protease in 

semen and also known as kallikrein 3 (Shaw and Diamandis, 2007), and kallikrein 12 and 13 

(KLK13), the most abundant proteases in vaginal fluid (Shaw et al., 2007). 

Synthetic seminal amyloids was not degraded in vitro by individual activated seminal or 

vaginal proteases, even after 8h incubation (Figure 22A) or when used in combination (data 

not shown). As seminal fluid is composed of several proteases, I next tested whether seminal 

fluid itself would be able to degrade synthetic seminal amyloids. Interestingly, the fibrils were 

rapidly degraded to smaller fragments in seminal plasma (Figure 22B). After 60 min (Figure 

23A), almost no visible fibrils could be observed by confocal microscopy. Seminal amyloid 

degradation may require a combination of different enzymes to be effectively demonstrated in 

vitro.  
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Figure 22. SEVI cannot be degraded 
by PSA or KLK13 but by seminal 
fluid. A, PSA and KLK13 could not 
degrade synthetic SEVI fibrils even 
after 8h incubation at 37°C. Fibril 
concentration was 500 µg/ml and PSA 
and KLK13 were present at 0.1 mg/ml 
and 7.6 µg/ml, respectively. B, SEVI 
fibrils can be quickly fragmented to 
smaller fragments upon a 15-minute 
exposure to seminal fluid. Fibril 
concentration was 200 µg/ml. Scale 
bar represents 50 µm. Shown are data 
from one representative experiment 
(n=3). 
 

 

In order to obtain quantitative data for comparison, histograms of individual images were 

assessed and compared among the groups. For pFTAA, the mean fluorescence intensity 

differed significantly among the controls and the experimental groups with increasing 

incubation times. In the presence of seminal fluid, significant differences in the mean 

fluorescence intensity after 1h or 2h could be detected (Figure 23B). For ProteoStat®, there 

were significant differences between the controls and the experimental groups, which were 

even more pronounced with increasing incubation times (Figure 23C). However, with 
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ProteoStat®, a statistically significant decrease of the mean fluorescence intensity among the 

experimental group occurred with increasing incubation time. 

 

 

 

 

 

 

Figure 23. SEM can be degraded in seminal fluid. A, upon incubation with seminal fluid, SEM fibrils 
could be almost completely degraded by seminal fluid within 1h. Scale bar represents 50 µm. B, mean 
intensity fluorescence of pFTAA in acquired images differed between controls and seminal fluid-treated 
fibrils; C, mean intensity of ProteoStat® decreased with increasing incubation times with seminal fluid. 
Analysis of variance followed by Tukey´s Multiple Comparison Test was performed and significant 
differences observed among groups are represented by asterisk (*). Results are presented as mean ± 
SD. Shown are data from one representative experiment (n=3). 
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In another approach to quantify the degradation of seminal amyloids in the presence of 

seminal fluid, the individual fluorescence of the samples was analyzed by a microplate reader. 

As already observed by confocal microscopy, there is an increase in fluorescence intensity with 

increasing incubation times (Figure 24A), suggesting a better binding of the dye to the fibrils or 

more amyloid formation over time. In the presence of seminal fluid, on the other hand, again a 

decrease in the fluorescence intensity after incubation for 1h was observed. As a control, the 

fluorescence intensity of seminal fluid alone was monitored and remained constant during the 

incubation period (Figure 24C), indicating that the fluorescence decrease in the presence of 

seminal fluid is caused by degradation of added synthetic fibrils whereas endogenous amyloids 

remain present in the sample. These results suggest that seminal amyloids may act temporarily 

in the female reproductive tract before being degraded by seminal and possibly vaginal 

proteases. 

 

A B 

  

C D 

  

Figure 24. Degradation of SEM fibrils upon incubation with seminal fluid. SEM fibrils were pre-
stained with pFTAA and incubated with seminal fluid or PBS for the shown time points. Final SEM 
concentration was 100 µg/ml. Shown are data from one representative experiment (n=3). 
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3.6 Physiological role of seminal amyloids 

As increased amyloid content seems not to be a major cause of male infertility like initially 

anticipated, seminal amyloids may serve conserved physiological roles since they had been 

preserved among species. During sexual intercourse, seminal fluid elicits many responses and 

signalling pathways in the female reproductive tract. These in turn recruit macrophages and 

neutrophils to clear microorganisms and abnormal spermatozoa (Robertson, 2005) in order to 

increase the likelihood of pregnancy by avoiding an immune response against the paternal 

antigens. Seminal amyloids could be involved in the process of spermatozoa clearance as I 

have previously shown that they effectively immobilize human and mouse spermatozoa in vitro 

(Figure 5 and 6) (Roan et al., 2017). This entrapment is probably only temporary, as the fibrils 

are rapidly degraded in seminal fluid (Figure 22B). 

 

3.6.1 Fibrils entrap apoptotic sperms more efficiently 

The zeta potential of the sperm head membrane decreases upon capacitation (Focarelli 

et al., 1990), meaning that capacitated sperms have a more positive charge due to a loss of 

the gp20-CD52 low charge form (Della Giovampaola et al., 2001). On the other hand, apoptotic 

sperms feature externalization of phosphatidylserine, a negatively charged phospholipid 

membrane component. As all seminal fibrils are highly cationic (Roan et al., 2009, Roan et al., 

2011a, Roan et al., 2011b) and tend to bind anionic membrane components, seminal amyloids 

could entrap spermatozoa in the lower female reproductive tract that have not yet undergone 

capacitation or even hold the defective and apoptotic sperms.  

In order to test whether defective spermatozoa are more efficiently entrapped by seminal 

amyloids, I isolated apoptotic sperms from several donors by magnetic labeling of early and 

late apoptotic cells (PS pos, phosphatidylserine externalized).  As expected, PS positive 

sperms were more effectively entrapped by seminal amyloids as PS negative sperms. When 

comparing the groups with the previous data on global spermatozoa entrapment (Figure 25), 

there is still a statistically significant increase in entrapment for SEVI but not for SEM fibrils. 

SEM fibrils could barely entrap PS negative sperms and there was no statistically significant 

difference among global spermatozoa entrapment and PS positive cells. 
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Figure 25. Apoptotic spermatozoa are preferentially entrapped by seminal amyloids. Shown are 
the mean ± SEM of all experiments (n=3-5 experiments). Total sperm entrapment was published by 
Roan et al. 2017 (see Figure 5B). One way ANOVA followed by the post-hoc Tukey´s Multiple 
Comparison Test was performed; P < 0.05 was considered significant. 

 

Spermatozoa entrapment is better visualized in time-lapse images of a representative 

experiment (Figure 26). Images were acquired for 20s with an interval of 1s on a laser scanning 

confocal.  
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Figure 26. Time-lapse images of apoptotic and non-apoptotic sperm entrapment. Shown are still 
images from a representative time-lapse experiment with mock (A,B) or 100 µg/ml SEVI-treated (C,D) 
spermatozoa. PS positive and negative spermatozoa (green, DAPI) can swim freely in the absence of 
SEVI (red, ProteoStat®), where in the presence of amyloids, PS positive sperms are entrapped to 
higher extend than PS negative sperms. PS, phosphatidylserine. Scale bar represents 50 µm. 
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3.6.2 Seminal amyloids do not allow only the fittest to swim up 

In vivo, there is a drastic selection for spermatozoa in terms of motility, morphology and 

integrity of DNA and cellular membranes. In vitro, this selection mechanism can be mimicked 

by several isolation methods such as density gradient, swim up and electrophoresis. These 

methods successfully select highly motile sperms with a good morphology and DNA integrity 

(Chan et al., 2006).   

In this rationale, I wanted to test if amyloid fibrils could selectively entrap apoptotic sperms 

and allow only the fittest non-apoptotic cells to swim up. This setting represents a more 

physiological selection method for non-apoptotic spermatozoa in comparison to the magnetic 

labeling of apoptotic cells available nowadays. In order to increase the apoptotic spermatozoa 

population, cells were incubated for 24 h at room temperature and experiments were repeated. 

In Figure 27 is shown that in the presence of seminal fibrils, a significantly smaller fraction of 

spermatozoa is able to swim up in fresh samples (A) or after 24-h incubation (B), confirming 

our previous results (Roan et al., 2017). 
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Figure 27. Less spermatozoa are able to swim up in the presence of seminal amyloids. There 
is a significant spermatozoon entrapment in the presence of seminal fibrils in fresh ejaculated 
spermatozoa (A) and in aged cells (B), so that less spermatozoa are able to swim up. n=4. ** 
represents P<0,0029 after paired t-test. 

 

Surprisingly, seminal fibrils did not entrap defective sperms more efficiently, even after 

prolonged incubation to increase apoptotic rates (Figure 28), which is in contrast to our results 

from the previous experiment (Figure 25) where we found that apoptotic sperm cells were more 

extensively entrapped than non-apoptotic cells. 
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Figure 28. Defective sperms are not preferentially entrapped by seminal amyloids. Fresh 
isolated human spermatozoa were incubated in the presence or absence of seminal fibrils and free 
swimming population was analyzed for Annexin V expression and propidium iodide (PI) staining. Total 
defective sperms (A) represents approximately 10% of the analyzed sperm population, late apoptotic 
sperms (B) about 5%, early apoptotic sperms (C) less than 0.3% and severe damaged sperms (D) 
about 5%. There were no statistically significant differences among the groups. Data presented as 
mean ± SEM. n=4. 

 

The same pattern could be observed for spermatozoa incubated for 24 h, with no 

significant increase in the total defective spermatozoa population being released (Figure 29). 
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Figure 29. Defective sperms are not preferentially entrapped by seminal amyloids. Aged human 
spermatozoa were incubated in the presence or absence of seminal fibrils and free swimming 
population was analyzed for Annexin V expression and propidium iodide (PI) staining. Total defective 
sperms (A) represents approximately 10% of the analyzed sperm population, late apoptotic sperms 
(B) about 5%, early apoptotic sperms (C) less than 0.4% for the control and approximately 1.4% for 
SEM, and severe damaged sperms (D) about 3%. There were no statistically significant differences 
among the groups. Data presented as mean ± SEM. n=4. 

 

3.7 Endogenous amyloid fibrils  effectively entrap human spermatozoa 

All experiments performed so far regarding seminal amyloids have been performed with 

synthetic seminal fibrils (Roan et al., 2017, Groß et al., 2015, LoRicco et al., 2016, French et 

al., 2014, Roan et al., 2014a, Roan et al., 2014b, Tang et al., 2013, Arnold et al., 2012, Roan 

et al., 2011a, Kim et al., 2010, Roan et al., 2010, Roan et al., 2009, Sievers et al., 2011, Münch 

et al., 2007). Detection of endogenous seminal amyloids has also been successfully performed 

(Usmani et al., 2014), but it remained the question whether endogenous seminal amyloids 

would behave in the same manner as their synthetic analogues. Therefore, we wanted to purify 

highly concentrated endogenous seminal amyloids in order to test its functionality in vitro. For 

this, pooled semen samples were ultrafiltered and applied to a conditioned cation exchange 

column chromatography. The selected eluates were collected, pooled and applied to a reverse 

phase column chromatography and bound peptides were then eluted. A total of 40 fractions 
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were obtained after fractioning 26 ml of human semen.  All fractions were tested for its capacity 

to bind ThT in order to identify the fractions containing amyloids for further analysis.  

 

3.7.1 Determination of ThT fluorescence of semen peptide library fractions 

Fractions 10 to 32 did not show any ThT fluorescence, indicating that there were no 

amyloids present in these fractions. Fractions 33 to 49 featured differentially increased ThT 

fluorescence (Figure 30A), indicating varying amounts of amyloid fibrils present in these 

fractions. Two positive fractions (41 and 43) and one negative fraction (10) were selected for 

further experiments (Figure 30B). 

  



 

 
Results 

55 

 

 

Figure 30. Confirmation of fibrillar nature of purified endogenous amyloids by thioflavin T. A, 
all fractions obtained were screened for ThT fluorescence for emission at 482 nm. Fractions 33 to 49 
had varying fluorescence intensities, indicating the presence of amyloid fibrils. B, amyloid-containing 
fractions (Positive Fractions 41 and 43) and an amyloid-deficient fraction (Negative Fraction 10) were 
stained with ThT, and emission was measured at the indicated wavelengths. Synthetic SEVI fibrils 
were used as a positive control and buffer alone (PBS) as a negative control. Emission at 482 nm is 
reflective of the presence of amyloids. 
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3.7.2 Determination of spermatozoa entrapment in selected fractions  

As previously shown, synthetic seminal amyloids interact with human and mouse 

spermatozoa and can efficiently and dose-dependently entrap them (Roan et al., 2017). 

Selected positive and negative fractions (41/43 and 10, respectively) and SEVI were stained 

with ProteoStat® and pFTAA and then incubated with Hoechst-stained spermatozoa (1 x 105). 

The concentrations tested correspond to semen volume equivalents of 0.08 ml, 0.17 ml and 

0.34 ml based on the approximated recovered material after fractionation. For analysis, 3-5 

movies from one to two donors were assessed for the number of entrapped spermatozoa. 

Purified endogenous seminal amyloids exert similar function, as they also interact with human 

spermatozoa and efficiently increased the percentage of entrapped spermatozoa (Figure 31).  

 

 

Figure 31. Endogenous seminal amyloids entrap human spermatozoa. Spermatozoa treated with 
purified fractions containing (Positive Fractions 41 and 43) or lacking (Negative Fraction, 0.34 ml 
equivalent) endogenous SP amyloids were imaged for 5 – 10 min at 37ºC and then assessed for % 
entrapped spermatozoa. After fractionation, approximately 60% of the starting material is recovered 

(15 ml of semen). For the entrapment assays, 2.3% of the starting material and 3-fold dilutions thereof 
were used, corresponding to semen volume equivalents of 0.34 ml, 0.17 ml, and 0.08 ml. Treatment 
of spermatozoa with synthetic SEVI fibrils (50µg/ml) was used as a positive control for entrapment. 
The “Buffer only” and “Negative Fraction” controls exhibited no entrapment. Due to limited material, 
experiment was performed with two donors for the highest concentration and once for the lower 
concentrations. Data presented as mean ± SD. Asterisks represent statistical significant differences 
after one-way ANOVA followed by Tukey´s Multiple Comparison Test (* p<0.05; ** p<0.005; 
***p<0.0005).   

 

The tested concentration of 0.34 ml semen equivalents were as effective as SEVI in 

entrapping human spermatozoa for both positive fractions (p>0.05). The “Buffer only” and 

“Negative Fraction” differed significantly to all other groups except for 0.08 ml semen equivalent 

of Fraction 41 (statistical differences not show in Figure 25). Fraction 43 was very effective in 

entrapping human spermatozoa and no dose-dependent effect could be observed as for 

Fraction 41. This difference can be partly explained by the fact that Fraction 43 tented to form 
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smaller aggregates than Fraction 41 (Figure 32) and had thus more amyloid surface available 

for entrapment of spermatozoa, even in the lower concentrations. 

 

 

Figure 32. Purified endogenous seminal amyloids associate with spermatozoa. Purified human 
spermatozoa were either imaged alone (top panels), in the presence of purified endogenous amyloids 
(middle panels), or in the presence of synthetic SEVI amyloids (bottom panels, 50µg/ml). Amyloids 
were detected by the amyloid-binding dyes ProteoStat® (red) and pFTAA (blue). Sperm cells were 
identified by Hoechst 33342 staining (green). The panels on the right show differential interference 
contrast (DIC) images. In the overlay, overlap of ProteoStat® and pFTAA stains are shown in pink. 
Scale bar represents 20 µm. 
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4. DISCUSSION 

Seminal amyloids have been added to an increasing list of functional amyloids that exert 

various physiological functions (Bergman et al., 2016). Several studies have already shown the 

presence of amyloids in the male reproductive tract and suggest a beneficial role both in 

bacterial clearance (Easterhoff et al., 2013b) and sperm maturation (Whelly et al., 2012). 

However, due to their ability to enhance HIV-1 infection (Münch et al., 2007) and to entrap 

human and mouse spermatozoa, resulting in decreased in vitro fertilization rates (Roan et al., 

2017), seminal amyloids were initially considered to be involved in patho-physiological 

processes.  

Abundant semen proteins have been under strong adaptive selection, implicating an 

important role for these proteins in evolutionary fitness (Ferreira et al., 2013, Hurle et al., 2007). 

Seminal plasma can promote not only infection by HIV but also other sexually transmitted 

viruses (Tang et al., 2013, Torres et al., 2015). This would rather argue for an abolishment of 

seminal amyloids during primate evolution unless they play a positive role in vivo (Roan et al., 

2017). 

 

4.1 Multiparameter analysis of semen database reveals important features of seminal 

amyloids on HIV-1 infection enhancement, aging and its hormonal regulation 

Due to lack of adequate methods, seminal amyloids have so far not reliably been 

quantified in semen (Usmani et al., 2014). In order to clarify whether seminal amyloids are 

involved in fertility, I first established a simple method for quantifying amyloids in semen. 

Because semen is a complex mixture of several proteins, sugars, ions, cytokines and cells 

(Owen and Katz, 2005), it is very likely that commonly used dyes may result in unspecific 

binding and high background levels (Usmani et al., 2014). In order to account for possible 

unspecific binding of ThT to other semen components rather than amyloids, I used diluted 

semen samples and low dye concentrations (Figure 7A). Interestingly, semen itself features an 

auto-fluorescence when measured in the microplate reader; therefore all samples were 

measured in the presence and in the absence of the dye to account for this technical issue. 

When extrapolating the fluorescence values of each semen sample analyzed, corrected for 

each individual protein content and auto-fluorescence, mean amyloid content in semen was 

found to be 6318 µg/ml ± 2937 (mean ± SD).  

I found that mean protein concentration in the tested samples was 14.4 ± 4.9 mg/ml 

(mean ± SD), which is too low compared to published data (Owen and Katz, 2005). This can 

be accounted to the method applied, as protein concentration in semen is difficult to measure 

accurately (Owen and Katz, 2005) and spectrophotometric methods produce lower values than 

other methods (Polak and Daunter, 1989, Owen and Katz, 2005). Therefore, if we consider that 

semen contains in total approximately 50.4 mg/ml protein (Owen and Katz, 2005), I found that 

roughly 13% of total protein are stainable with ThT suggesting that they are amyloids. However, 

when analyzing semen samples by fluorescence microscopy, there are non-specific 

background signals when using ThT or ProteoStat®, which in turn complicate the detection of 

classical amyloid fibrils in semen. On the one hand, amyloid oligomers and protofibrils do not 

interact with ThT (Reinke et al., 2010), and thus amyloid content in semen may be 
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underestimated. On the other hand, non-specific background may originate from amyloid-like 

material or non-fibrillar aggregates (Biancalana and Koide, 2010). It has been shown that 

aggregates can produce an amyloid-like response to ThT even if the aggregates do not present 

true amyloid fibril morphology by electron microscopy (Chen et al., 2002).  

After a quantitative assay for amyloid detection in semen had been established, I 

investigated whether amyloid content is linked to male infertility. Men were divided in 

fertile/subfertile and infertile groups depending on the extent of alteration in their semen 

parameters (spermatozoa concentration, motility and morphology). I found that elevated levels 

of seminal amyloid did not correlate with severity of infertility. In contrast, fertile/subfertile men 

featured higher amyloid concentration in semen (6946 ± 2606 µg/ml) than infertile men (5253 

± 3131 µg/ml, Figure 9). This finding may be in accordance with other studies for functional 

amyloids in reproduction;  e.g., CRES (cystatin-related epididymal spermatogenic) amyloid 

belongs to the normal extracellular epididymal environment and facilitates the transport of 

luminal proteins to the sperm surface during the maturation process (Whelly et al., 2012). One 

could argue that a disturbed amyloid matrix production in the epididymis could result in 

abnormal spermatozoa maturation and therefore sperm functionality would be affected (Whelly 

et al., 2016), finally resulting in infertility. On the other hand, it could be possible that 

fertile/subfertile men have higher concentrations of spermatozoa. It has been demonstrated 

that mouse sperm acrosome and acrosomal matrix contain several amyloidogenic proteins, 

such as cystatin C, CRES and lysozyme (Guyonnet et al., 2014). The authors suggest that 

complex functional amyloid matrices are composed of several unrelated proteins, as 56 out of 

the 59 found proteins were predicted to be amyloidogenic, and belong to normal biological 

system (Hewetson et al., 2017). Furthermore, it has been shown that unspecific ThT binding to 

nucleic acids can be minimized by acid pH (Khurana et al., 2005). I abstained from acidification 

of the tested samples because semen has a high buffering capacity (Owen and Katz, 2005) 

and decreasing its pH to 1 would represent large manipulation of the samples, bearing the risk 

of disturbing other systems important for amyloid stability in semen. 

Kim and colleagues have shown that HIV-1 infection enhancement of individual semen 

samples depends on SEVI concentrations (Kim et al., 2010). I expanded this data by showing 

that amyloid content, estimated by means of ThT fluorescence, correlates with HIV infectivity 

enhancement for 10% semen (Figure 11). Absolute protein content also correlates with 

infectivity enhancement (Figure 12). This can be explained on one hand by the fact that proteins 

present in semen, such as fibronectin, may facilitate the binding of the fibrils to heparan sulfate 

proteoglycans on the surface of target cells. This interaction may thus facilitate subsequent 

viral entry (Roan et al., 2014a). On the other hand, macromolecular crowding could also play a 

role, as it has been shown to enhance fibril formation of amyloidogenic peptides (Ma et al., 

2012). A third argument could be that the excluded volume effect, which favors aggregation, 

and increased viscosity, reducing the kinetics of amyloid fibrilization, are features of molecular 

crowding that affect amyloid systems (Lee et al., 2012). 

I also demonstrated that elder patients feature increased concentrations of amyloid fibrils 

in semen (Figure 13). This is in conformity with disease-related amyloid formation, such as AD 

(Jorm and Jolley, 1998), amyloidosis of prostate (Yanamandra et al., 2009) and seminal 

vesicles (Pitkänen et al., 1983). A recent study revealed for the first time a link between human 
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aging, Aß kinetics and amyloidosis (Patterson et al., 2015). The authors describe that a slower 

turnover of amyloid-beta increases the likelihood of protein misfolding, leading to deposition 

(Patterson et al., 2015). Other studies have suggested that aging results in altered inflammatory 

profiles, leading to a progressive loss of protective functions at the brain barrier (Spittau, 2017). 

Such alterations involve increased recruitment of peripheral leukocytes due to changes in 

inflammatory mediators, influencing brain immune surveillance and Aß clearance (Dá Mesquita 

et al., 2016). Nevertheless, it remains to be evaluated to which extent human aging influences 

amyloid content in semen. It has been shown that in the prostate, amyloid formation depends 

on the concentrations of aggregation-prone proteins at sites of inflammation. Induction of 

inflammation processes due to infections can in turn transform cells into benign and malignant 

tumors with amyloid deposition (Yanamandra et al., 2009). Isolation of amyloids from prostate 

or seminal vesicles is a rather complicated procedure and thus screening of seminal amyloids 

directly in semen would be a less invasive diagnostic method to assess early onset of amyloid 

deposition in the male glands, which affect the function of the glands and may transform into a 

malignant disease. However, it has to be determined to which extent amyloid deposition in 

diseased glands results in the release of soluble amyloids into the ejaculate.  

Depending on the stage of disease, hormonal changes have been observed for AD 

patients. For example, there is an increase in LH levels in the early stages of AD, showing a 

positive correlation with Aβ levels. In later stages, a negative correlation with testosterone is 

described (Verdile et al., 2008, Verdile et al., 2014, Verdile et al., 2015). These correlations 

have been attributed to the dysregulation of the hypothalamic pituitary gonadal axis during 

aging (Verdile et al., 2014). Such a correlation could not be observed for seminal amyloids 

(Figure 14A). In this multiparameter analysis, I observed a negative correlation between LH 

and amyloid content. Additionally, no correlation between testosterone, either total or serum 

free, and amyloid concentration was observed (Figure 14C and D). As testosterone only 

decreases upon advanced disease stages (Verdile et al., 2014), no correlation in this young 

cohort of donors could have been expected. Testosterone plays an important role in AD due to 

its neuroprotective effects. It reduces oxidative stress and inflammation, resulting in reduced 

tau phosphorylation and Aß production (Webber et al., 2007). It would be interesting to 

determine if testosterone features similar protective effects on pathological deposition of 

amyloids in the male reproductive tract. However, it remains to be determined if similar 

hormonal changes like during AD can be observed and correlated with amyloid content in 

semen in older donors. 

 In contrast to AD, levels of serum amyloid P (SAP) in seminal plasma have been shown 

to positively correlate with FSH and LH but not with testosterone levels (Sonesson et al., 2011), 

as I observed (Figure 14). SAP belongs to the pentraxin family and is involved in inflammation, 

apoptosis and innate immunity (Mantovani et al., 2008). Moreover, it is present in the 

reproductive tract and spermatozoa (Malm et al., 2008). Although it is a non-fibrillar component 

of several amyloid deposits that selectively binds to fibronectin (Bottazzi et al., 2016), hormonal 

regulation of SAP in semen could help to stabilize seminal amyloids and need to be further 

studied. 

Another interesting finding was that high viscous semen samples had lower HIV-1 

infection enhancement potential than samples of normal viscosity (Figure 15A). Molecular 
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crowding studies have established that solutions of rigid polymers, presenting high viscosity, 

affect protein diffusion and slow down folding and aggregation of proteins (Kuznetsova et al., 

2014). Interestingly, the amount of amyloids did not to vary among different viscosities (Figure 

9B), suggesting that the resulting structure might be less effective. In fact, due to molecular 

crowding effects, changes in secondary structure of the aggregates lead to suboptimal fibrillar 

structures, reducing the stability of the fibrils (Breydo et al., 2014). Furthermore, this result 

suggests that amyloids are not responsible for semen viscosity even though semenogelins are 

the proteins responsible for forming the semisolid semen coagulum (Yoshida et al., 2008, de 

Lamirande, 2007).  

Another physical property affecting fibril formation and dissociation is the pH. pH 

dependency is a common characteristic of seminal amyloids (French et al., 2014). In the scope 

of this study, fibril stability of seminal amyloids had been assessed at neutral pH, as those 

found in normal ejaculate, and on acid pH, to mimic conditions in the female reproductive tract 

(French et al., 2014, French and Makhatadze, 2012). My data suggest that a basic pH 

negatively affects the ability of semen to enhance HIV-1 infection without changing total amyloid 

content (Figure 16A and B, respectively). This could be explained by a change in the net 

positive charge of fibrils (French et al., 2014), which would in turn disfavor interactions between 

fibrils, HIV particles and cells. However, the exact mechanism by which increased pH 

decreases the HIV-1 enhancing potential in vitro has to be further elucidated. If confirmed, HIV 

microbicides could be optimized by not only disrupting seminal amyloid using antagonists 

(Roan et al., 2010, Hauber et al., 2009, Olsen et al., 2010, Capule et al., 2012, Sheftic et al., 

2012, Sievers et al., 2011) but also by increasing the final pH in the microbicide action sites.  

The last parameter analyzed in the multiparameter analysis was the total concentration 

of clusterin, an extracellular chaperone that facilitates the clearance of unfolded proteins 

(Wilson et al., 2008). In semen, clusterin is mainly produced in the testis and epididymis and to 

a lower extent in the prostate (Tenniswood et al., 1998). Because clusterin is a chaperone, a 

negative correlation with HIV-1 infectivity enhancement was initially expected. Surprisingly, 

clusterin concentration in semen positively correlated with HIV-1 infection enhancement but not 

with amyloid content (Figure 17A and B, respectively). On one hand, clusterin is involved in the 

patho-physiology of AD, and its absence in the brain resulted in amyloid deposits of lower 

neuritic toxicity (Holtzman, 2004). In semen, clusterin features a negative effect by enhancing 

HIV-1 infection. Therefore further studies should be performed to define if seminal clusterin is 

responsible for increased cellular toxicity of seminal amyloids as observed for AD. On the other 

hand, clusterin could remodel seminal amyloids to a more effective conformation for HIV-1 

infectivity enhancement. Other chaperones have been described to remodel seminal amyloids, 

such as Hsp104, a chaperone from yeast. This so-called amyloid-remodeling nanomachine 

can not only directly remodel SEVI and PAP85-120 fibrils into non-amyloid forms but also 

clusters SEVI, PAP85-120 and SEM1(45-107) fibrils into larger assemblies. Those two 

mechanisms lead to a decrease in HIV-1 infectivity (Castellano et al., 2015). Other chaperones 

may thus promote opposite features upon remodelling. Nevertheless, the mechanism by which 

seminal clusterin affects HIV-1 infectivity has to be further elucidated. 
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4.2 Endogenous seminal amyloids can be detected in unmodified semen 

Since its discovery (Münch et al., 2007), SEVI and other amyloidogenic seminal peptides 

have been isolated from semen but its presence in semen remained to be shown. One factor 

delaying detection of amyloid fibrils in semen was a technical limitation in Congo red staining, 

representing the most commonly used diagnostic method to detect amyloid in vivo (Nilsson, 

2004). Amyloid-specific green birefringence can be seen by polarization microscopy for amyloid 

deposits in tissues and purified fibrils but not for seminal amyloids (Nilsson, 2004, Usmani et 

al., 2014). The same artifact has been observed for other functional amyloid in melanosomes 

(Fowler et al., 2006), suggesting that Congo red either does not bind seminal amyloids or its 

binding does not result in green birefringence (Usmani et al., 2014). Use of other amyloid-

sensitive dyes like e.g. ThT resulted in high background fluorescence due to unspecific binding 

to other semen components (Easterhoff et al., 2013a). In order to overcome these limitations, 

not only an amyloid-specific probe was chosen but also laser scanning confocal microscopy 

was applied, reducing background signals and enhancing resolution (Usmani et al., 2014).  

Seminal amyloids could be detected in all 15 semen samples analyzed (Figure 18), with 

varying amounts among donors. As already expected from the multiparameter analysis, 

increased amyloid content did not correlate with degree of infertility, as only 2 out of 11 donors 

had higher mean values as the control. In contrast to results from the multiparameter analysis 

(Figure 9), the three subfertile donors analyzed by confocal microscopy had lower mean values 

than the control, suggesting that the applied methods (ThT and ProteoStat® fluorescence) 

show different sensitivities. This might be in part due to different binding sites of the amyloid 

detection dyes in the amyloid fibrils or also to unspecific background signals. When screening 

several semen samples by confocal microscopy, one sample (Figure 19) contained very large 

amyloid aggregates that have not been observed in any other sample so far. Thus, increased 

amyloid content is not a major cause of male infertility.  

 

4.3 Endogenous seminal amyloids interfere with spermatozoa motility 

As seminal amyloids are most likely not involved in infertility, they may exert other 

functional roles in reproduction. I have demonstrated that synthetic fibrils efficiently entrap 

human and mouse spermatozoa and that this entrapment resulted in decreased fertilization 

rates in vitro (Figure 5 and 6) (Roan et al., 2017). As isolation of endogenous amyloids is a 

more complicated and laborious procedure than using ejaculated semen, I sought first to use 

seminal fluid to determine the effects of endogenous seminal amyloids on spermatozoa motility. 

As expected, incubation of spermatozoa with increasing concentrations of seminal fluid 

resulted in increased rates of immobilization (Figure 20C). Mean amplitude of lateral head 

displacement was also significantly reduced in the presence of seminal fluid (Figure 20H), 

which has already been described for spermatozoa present in seminal fluid (Serres and Kann, 

1984). All other parameters analyzed tended to decrease with increasing seminal fluid 

concentrations (Figure 20A, B, D-G) but did not reach statistical significance. These results 

strength published data that seminal amyloids interfere with spermatozoa motility (Roan et al., 

2017).  

Seminal fluid is a complex mixture of different proteins and peptides that influence 

spermatozoa movement. One of the most studied agents is the seminal plasma motility inhibitor 
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(SPMI) (Iwamoto and Gagnon, 1988a, Iwamoto and Gagnon, 1988b), a 14 kDa protein resulting 

from the proteolytic cleavage of SEM by PSA (Yoshida et al., 2003) that does not form amyloid 

fibrils in vitro (Roan et al., 2011a). This protein can hyperpolarize the membrane potential of 

swim-up spermatozoa, changing the membrane structure and increasing its permeability 

(Yoshida et al., 2009).  Its concentration in semen decreases over time from 10000 U/ml 

immediately after ejaculation to 220 U/ml 2 h later due to further PSA cleavage (Robert and 

Gagnon, 1994).  

Surprisingly, amyloid content of semen did not correlate with percentage of immotile 

spermatozoa in the multiparameter analysis (Figure 21). Neither did SPMI concentrations in 

semen correlate with asthenozoospermia in patients (Yoshida et al., 2003), suggesting that not 

only seminal amyloids and SPMI are responsible for decreased sperm motility in seminal fluid. 

 

4.4 Synthetic seminal amyloids can be successfully degraded in seminal plasma 

Spermatozoa interaction with seminal amyloids has so far only been analyzed under 

buffered conditions in the absence of other seminal compounds or proteases. It is known that 

amyloidogenic peptides can be generated by PSA cleavage (Roan et al., 2011b) and it is very 

likely that this cleavage is a continuous process. Upon ovulation, several kallikrein-related 

peptidases that degrade the semen coagulum are up-regulated in the female reproductive tract 

(Shaw and Diamandis, 2008) and could also help in degrading seminal amyloids. Therefore, I 

tested whether the most abundant proteases present in semen and vaginal fluid, PSA, KLK12 

and 13 (Shaw and Diamandis, 2008, Shaw et al., 2007, Brillard-Bourdet et al., 2002), are able 

to degrade seminal amyloids.  

Surprisingly, PSA, KLK13 (Figure 22A) and KLK12 (data not shown) could not degrade 

pre-formed SEVI amyloid fibrils in vitro. The employed enzyme concentrations for KLK12 and 

13 were similar to those reported in vivo whereas for PSA only 0.1 g/L could be analyzed. This 

was due to commercially available enzymes not being concentrated enough to reach the mean 

PSA concentration in semen of  1.29 g/L (Wang et al., 1998) in the assay. For KLK12 and 13, 

physiological concentrations in vaginal fluid are 3188 and 1750 µg/L, respectively (Shaw et al., 

2007). I tested higher concentrations, 7600 µg/L and 5000 µg/L, respectively, in order to 

account for the other proteases present in the vaginal fluid. Nevertheless, it seems that single 

enzymes, either from seminal or vaginal fluid, are not able to degrade synthetic seminal 

amyloids but a fine tuned mixture of all is required as observed for endogenous seminal 

amyloids (Roan et al., 2014b). 

As seminal fluid contains multiple enzymes, I next aimed to determine if seminal fluid 

itself degrades pre-formed synthetic seminal amyloids. As expected, SEVI and SEM fibrils were 

rapidly degraded in seminal fluid (Figure 22B and 23, respectively). Larger amyloid aggregates 

were rapidly cleaved into smaller fragments after 15 min of exposure to seminal fluid (Figure 

22B). Additionally, a semi-quantitative method (histogram) to determine fibril degradation 

showed that with increasing incubation times, fluorescence intensity of amyloid-sensitive dyes 

increases in the absence of seminal fluid (buffer only condition). However, this was not 

observed in the presence of seminal fluid (Figure 23B and C and Figure 24), as the larger 

amyloid aggregates gradually become cleaved and after 2 h can hardly be detected by confocal 
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microscopy. These results corroborate previous data from Roan and colleagues, who showed 

that semen loses infection enhancement potential over time due to proteolysis. Loss of 

infectivity enhancement was abrogated by addition of protease inhibitor (Roan et al., 2014b). 

 

4.5 Physiological role of seminal amyloids 

When considering spermatozoa transport through the female tract (Eisenbach and 

Giojalas, 2006), one should take into account that spermatozoa can be stored in the oviduct 

for hours (Suarez and Pacey, 2006). Thus, sperm entrapment could be beneficial to save sperm 

cellular energy until fertilization is likely to occur. On the other hand, spermatozoa entrapment 

could also serve as cleaning strategy to entrap defective sperm, only allowing the fittest to 

continue the journey. As apoptotic spermatozoa present increased externalization of 

phosphatidylserine, a negatively charged phospholipid membrane component (Yeung et al., 

2008), and seminal amyloids are highly cationic (Roan et al., 2009, Roan et al., 2011a), an 

interaction between apoptotic spermatozoa and seminal amyloids is highly suggested. Indeed 

I observed that apoptotic spermatozoa (PS positive) were better entrapped by SEVI and SEM 

fibrils (Figure 25) in comparison to non-apoptotic cells (PS negative). During sexual intercourse, 

there is a massive infiltration of macrophages and neutrophils into the reproductive tract 

(Pandya and Cohen, 1985, Sharkey et al., 2012). These cells are responsible for clearing 

microorganisms and remaining sperm cells, possibly even sorting out defective and non-

functional spermatozoa (Tomlinson et al., 1992, Oren-Benaroya et al., 2007). Rapid clearance 

of spermatozoa in the lower female reproductive tract is essential for positive reproductive 

outcomes and is fundamental to prevent development of inappropriate cell-mediated immune 

response against sperm antigens (Sharkey et al., 2012). This is the first report that seminal 

amyloids selectively entrap defective sperm cells and its role in sperm clearance should be 

further sought.  

In this rationale, I wanted to test whether seminal amyloids would allow only the fittest 

sperm to escape entrapment in vitro (Figure 27). The fibrils efficiently entrap both fresh and 

aged spermatozoa (Figure 27A and B, respectively), but no difference in the released 

population was observed. This might be in part due to the low rates of defective sperms 

observed after 24 h incubation (approximately 10% for fresh and aged spermatozoa). There is 

evidence that ejaculated spermatozoa do not retain the capacity to activate apoptotic signalling 

cascades (Lachaud et al., 2004) and therefore induction of apoptosis in vitro is unlikely, which 

jeopardized the experiment. Nevertheless, these results suggest an even more intense role of 

seminal amyloids in sperm clearance than only selection of the fittest, as we showed next. 

Based on published data and my results, the physiological function of seminal amyloids 

can be attributed to sperm quality control in the lower female reproductive tract. It has been 

shown by our collaborators (Roan et al., 2017) that SEM peptides effectively promote 

phagocytosis of spermatozoa in vitro (up to 5-fold increase). We could demonstrate that 

macrophages are able to take up simultaneously both healthy and damaged spermatozoa; 

however phagocytosis was always higher for damaged sperm cells. We could also demonstrate 

that apoptotic spermatozoa were more efficiently phagocytosed in the presence of SEM fibrils 

(more than 3-fold increase). These results corroborate my findings that apoptotic sperm cells 

are better entrapped by the fibrils and hence phagocytosis is enhanced.  



 

 

Discussion 

65 

Moreover, seminal amyloids are not the only structures present in semen entrapping 

spermatozoa or facilitating their clearance. Neutrophil extracellular traps (NETs) are “structures 

composed of granule and nuclear constituents that disarm and kill bacteria extracellularly” 

(Brinkmann et al., 2004). These NETs have also been shown to entrap spermatozoa in order 

to facilitate their phagocytic uptake (Piasecka et al., 2014, Alghamdi and Foster, 2005). 

Traditional phagocytosis and extracellular traps could be markers of innate immune system 

activation and for the presence of bacteria in semen. For example, E.coli enhances the 

projection of NETs (Piasecka et al., 2014). Additionally, NET forming leukocytes undergo an 

unique cell-death mediated process called etosis after being stimulated with different factors 

(Piasecka et al., 2014). Sperm clearance seems to be a redundant process, where at least two 

mechanisms are involved to eliminate defective cells.  

 

4.6 Endogenous amyloid fibrils can efficiently entrap human spermatozoa 

This is the first time isolated human endogenous seminal amyloids were shown by 

confocal microscopy (Figure 32). So far, all published experiments were performed with 

synthetic amyloid fibrils from the firstly characterized amyloidogenic fragment isolated from a 

semen peptide library (Münch et al., 2007).  Endogenous seminal fibrils were also shown in 

unmodified semen (Usmani et al., 2014) but their capacity to entrap spermatozoa had never 

been studied. Endogenous seminal amyloids can be easily identified by amyloid-sensitive dyes 

such as ThT (Figure 30), ProteoStat® and pFTAA (Figure 32). Endogenous seminal amyloids 

behave similarly to their synthetic counterparts regarding spermatozoa entrapment and 

interaction with human spermatozoa (Figure 31). Previous studies have shown that 

endogenous seminal amyloids mainly consist of SEVI (Usmani et al., 2014) and SEM fragments 

(Roan et al., 2014b) and is very likely that many others may also be involved. However, further 

characterization of endogenous seminal amyloids still remains to be performed in order to fully 

characterize the peptide families contributing to aggregates in ejaculated semen. 

In conclusion, seminal amyloids exert an unique quality control function and have been 

added to the growing list of functional amyloids in reproduction (Hewetson et al., 2017). The 

results presented herein sustain its role as a functional amyloid, as its presence in semen does 

not correlate with male infertility and its effects on spermatozoa movement seem to facilitate 

sperm clearance in the lower female reproductive tract. Secondly, factors affecting its 

concentration in semen, such as age and hormones, should be further elucidated to clarify the 

exact mechanism reflecting its concentration in seminal fluid. Thirdly, its capacity to enhance 

HIV-1 infection in vitro is affected by physical semen properties, such as pH and viscosity. So 

those features should also be considered when developing HIV microbicides. Finally, 

spermatozoa entrapment in vivo may be a well-regulated mechanism. Viable, healthy sperm 

cells are quickly released from entrapment, due to the activity of seminal and vaginal proteases 

whereas apoptotic, defective sperm are retained for macrophage clearance. These results 

represent the first insights into the physiological role of seminal amyloids. 
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5. SUMMARY  

Seminal amyloids derived from two abundant semen proteins have been identified due 

to their ability to enhance HIV-1 (human immunodeficiency virus) infection in vitro. However, 

their physiological role remained to be studied. As seminal amyloids inhibit fertilization in vitro 

by entrapping motile sperm, one of the aims of this work was to elucidate their involvement in 

male infertility. Furthermore, this work aimed to elucidate which semen characteristics are 

important for the fibril-dependent enhancement of HIV-1 infection. Therefore, we detected and 

purified them from fresh semen. Additionally, this work sought to clarify which sperm population 

becomes entrapped, how the fibrils can be degraded and which physiological role this may 

present in vivo. 

In a multiparameter analysis of more than 100 donors, opposed to the expected results, 

we found that seminal amyloids do not correlate with male infertility. On the contrary, infertile 

donors tended to present lower concentrations of seminal amyloids than fertile/subfertile 

donors.  On the other hand, amyloid content in semen positively correlated with infectivity 

enhancement, strengthening the fact that semen´s potential to enhance HIV-1 infection 

depends directly on seminal amyloids. Amyloid content also positively correlated with age, as 

shown for other forms of amyloidosis. Moreover, increased concentrations of clusterin, an 

extracellular chaperone, do not prevent amyloid formation. Interestingly, amyloid content 

negatively correlated with luteinizing hormone (LH) and follicle-stimulating hormone (FSH) but 

not with testosterone, suggesting that the presence of amyloids in semen is not hormone-

regulated as for other amyloid-related diseases. In addition, semen viscosity and pH negatively 

correlated with infection enhancement but not with amyloid content, indicating that not only the 

presence and total concentration of amyloids but also the physical properties determine their 

infectivity enhancing potential. 

Endogenous seminal amyloids could be successfully detected and quantified in 

unmodified semen by confocal microscopy using an amyloid-sensitive dye, ProteoStat®. With 

this method, semen samples from selected donors were analyzed but no correlation between 

fertile and infertile donors regarding amyloid content could be observed. In fact, the presence 

of large fibril aggregates was a rather rare finding. Furthermore, seminal fluid itself increased 

the percentage of immotile spermatozoa and decreased the mean amplitude of lateral head 

displacement. These findings may be related to the presence of amyloids or other motility-

inhibiting molecules in semen. Moreover, synthetic seminal fibrils were not degraded by 

abundant seminal or vaginal proteases but by seminal fluid itself, suggesting that a mixture of 

different enzymes is responsible for degradation of seminal amyloids and probably also the 

release of entrapped spermatozoa within hours after ejaculation in vivo.  

Additionally, seminal amyloids did efficiently entrap apoptotic spermatozoa and avoid that 

sperm cells swim-up. However, the preferential entrapment of apoptotic cells did not result in 

an efficient selection of defective spermatozoa in the swim-up assay. These results suggest 

that spermatozoa entrapment by seminal fibrils is not the only factor in selecting the fittest 

sperm to continue its journey in vivo. In this rationale, our collaborators tested whether seminal 

amyloids are involved in spermatozoa clearance. They showed that healthy and damaged 

spermatozoa can be promptly phagocytosed by macrophages and that semenogelin (SEM) 
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fibrils are able to increase phagocytosis kinetics. Besides, macrophages phagocytosed 

preferentially damaged sperm cells, whose uptake was 3 fold increased in the presence of SEM 

fibrils. In order to verify the results produced with fibrils formed by synthetic peptide, 

endogenous seminal amyloids were purified and shown to behave in a similar manner in 

entrapment of human spermatozoa compared to their synthetic counterparts. 

In conclusion, seminal amyloids exert a unique quality control function. The results 

presented herein sustain their role as functional amyloid, as its presence in semen does not 

correlate with male infertility and its effects on spermatozoa movement facilitate sperm 

clearance in the lower female reproductive tract. Finally, spermatozoa entrapment in vivo may 

be a well-regulated mechanism, with viable, healthy cells being quickly released from 

entrapment, due to the action of seminal and vaginal proteases, and apoptotic, defective sperm 

retained for macrophage clearance. These results give the first insights into the physiological 

role of seminal amyloids. 
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